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Abstract
Nucleobases play a significant biological role in DNA and RNA. Since the discovery that
halogenated pyrimidines act as a good sensitizer for radiotherapy, the attention on 5-halouracil
has increased, however the photoreactivity of cytosine and its derivatives has not been
investigated. This study presents, for the first time, the highly selective generation of the
cytosine-5-yl radical ion obtained by photodissociation of halogenated precursors. Using a
modified linear ion trap mass spectrometer, gas-phase reactions and product channels are
presented and mechanisms of possible pathways of photodissociation are discussed for
reactions between the radical ion with molecular oxygen and unsaturated hydrocarbons
including, propene, propyne and acetylene. Molecular oxygen reacting with the protonated
cytosine-5-yl radical forms products at m/z 126 and 127, showing an efficiency of 𝜙 = 11.4 ±
0.9%. Reactions of propene and propyne present an efficiency of 𝜙 = 52.6 ± 0.8% and 𝜙 = 111
± 0.1%, showing that unsaturated hydrocarbons reactions are highly efficient and significantly
more efficient than molecular oxygen reactions.
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1 Introduction
1.1 Background and motivation
Uracil, thymine and cytosine are classified as pyrimidine nucleobases and are considered
essential components present in nucleic acids. Unlike uracil, cytosine occurs not only in
ribonucleic acid (RNA), but also in deoxyribonucleic acid (DNA) [1, 2]. Considerable
experimental and theoretical studies of pyrimidine nucleobases have been carried out in order
to completely understand the complex structures and biological function of RNA and DNA [37]. The structures of uracil, thymine and cytosine are illustrated in Figure 1.1.

Thymine and uracil differ only in that thymine includes a methyl group in its structure, which
can be achieved by uracil methylation [8]. Halogenated substituted pyrimidines are also similar
to nucleobases in terms of structure. They contain one element of the halogen group bonded to
its ring structure, making them excellent substitute nucleobases in DNA structure. For example,
5-bromouracil and 5-iodouracil (5-halouracils) are equivalent to thymine, differing only by the
replacement of the methyl group with the attached halogen. For this reason, thymine can be
replaced by 5-halouracils in the DNA structure without disruption due to the similarity in its
size and form [9, 10]. Replacement of thymine by 5-halouracils in DNA generates radicals by
homolytic cleavage of the halogen upon photolysis or ionizing radiation. Upon generation of
these radicals the photosensitivity of the cell is increased, which in turn causes the cells to
become more susceptible to photolysis or ionizing radiation. Once the cell’s sensitivity is
enhanced, the DNA damage is accelerated causing cell death [11]. Therefore, these 5halouracils are capable of acting as a good sensitizer for cancer radiotherapy [11].
Because of the essential role played by radical cations of DNA bases in biological and
medicinal applications, it has attracted broad research interest [9-15]. Studies of the
photochemical reactions of halogenated substituted pyrimidines are crucial to fully understand
the DNA-protein cross-linking and DNA strand breaks mechanism. In 2017, Dai, et
al. reported that varied studies of 5-bromouracil and its photoactive properties had been
investigated, however a research gap involving the photochemistry of 5-iodouracil needed to
be filled. The group then presented an investigation of 5-iodouracil and its C-I bond homolysis
through time-resolved Fourier transform infrared spectroscopy with ab initio quantumchemical calculations [10]. Subsequently, in 2018 Bezzina et al. published results from a study
which examined the gas-phase oxidation of the protonated distonic radical uracil-5-yl formed
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through dehalogenation of 5-iodouracil applying ion-trap mass spectrometry, reporting that the
5-dehydrouracilH+ radical undergoes oxygen addition, forming a peroxyl radical intermediate,
then losing an •OH radical to produce uracil benzoquinone [9]. Since the first studies about
halogenated pyrimidines acting as a good sensitizer for radiotherapy were published, the
attention on 5-halouracil has increased, however the photoreactivity of cytosine and its
derivatives has not been investigated.

The investigation of the effects that a charge causes on a species has become of a great
importance, since it supports the elucidation of DNA structure and reactivity [16]. Previous
studies have shown that radical reactions can be affected by the position of the charge in
relation to the radical site [17, 18]. However, the prediction of products and kinetics of radical
ion reactions still remain a challenge. There is a whole, new field yet to be explored in the
effects of a charge on radical reactions, where a charge could be a controllable feature in a
synthesis in the near future.

Previous studies on nucleobases have never focused on generation of cytosine-5-yl radical ion
nor has its reactivity been investigated. In this study new results exploring data of cytosine-5yl radical ion and its reactivity towards molecular oxygen and unsaturated hydrocarbons will
be detailed in order to investigate the charge effect on mechanism pathways of radical
reactions.

Figure 1.1. Nucleobase structures of cytosine, uracil and thymine.

1.2 Free radicals in living systems
A free radical is an ion, atom or molecule containing one or more unpaired electrons. They are
unstable and can react very easily to fill their valence orbitals. Free radicals are generated
mainly from thermal homolysis, irradiation, electrolysis or electron transfer [19]. Radicals are
2

of major importance in many fields, including atmospheric chemistry, combustion,
polymerization and in biological chemistry.

In biological systems, free radicals gained attention after it was suggested that the ageing
process was related to radicals by Harman [20, 21]. Later on, in 1977, the field grew when it
was proposed that formation of •OH radicals led to guanylate-cyclase activation. The activation
played a significant role in explaining the lyase enzyme activity, which lead to a possible
guanylate-cyclase regulation in tissues [22]. Within living systems, free radicals are the origin
of many diseases, however, they can also act as beneficial tools to an organism. In particular,
reactive nitrogen species (RNS) and reactive oxygen species (ROS) can both play beneficial or
detrimental roles in living systems [23]. ROS are often considered the most critical due to their
potential for causing oxidative stress in DNA [23].

Biological systems are susceptible to free radicals formed from exposure to an external
influence, such as ionizing radiation, or from radicals formed intracellularly [24]. DNA can be
affected directly or indirectly by ionizing radiation. When radiation is absorbed by DNA
nucleobases, they form radical cations through DNA excitation or through electron abstraction.
Moreover, radical cations can be formed indirectly when there is an interaction with other
molecules [11]. A series of products can be formed when DNA absorbs radiation. These
reactions tend to lead to genetic lesions, which are typically corrected, and the DNA restored
to its normal form before irradiation damage becomes permanent [17]. However, if the genetic
lesions are not repaired, then the dimer formation between neighbour bases in DNA will lead
to a distortion and cause mutations leading to degenerative diseases [25].
The production of radical •OH and its reactions within biological systems is believed to be one
of the most crucial sources of DNA mutations [26]. Radical cations formed from halogenated
pyrimidines [27, 28] have been extensively studied because of their implication in the repair of
damaged DNA.

1.3 Generation of free radicals in the gas phase
Free radicals are key reactive intermediates that play a significant role in the products formed
in aqueous phase reactions. However, these radicals are very short-lived, which creates
challenges in the thorough investigation of these species. Moreover, free radicals in solution
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tend to react with solvents - for example, free radicals can abstract a hydrogen atom from
alkanes [29]. In order to avoid downsides presented by aqueous solution, free radicals can also
be generated in the gas phase, where the radicals can be produced without the complexities
from interaction with solvents [29, 30]. Moreover, because the free radicals are diluted with an
inert gas at low pressure in the gas phase, the frequency of collisions is decreased, and
consequently the lifetime of the radical is increased [29]. With an extended lifetime, it is
possible to detect features such as structures, rate constants and dynamics of these species [31].
There are three main methods by which the formation of radicals in the gas phase is observedthese are known as pyrolysis, radiolysis and photolysis. Photolysis or photodissociation is a
technique used to produce free radicals through bond homolysis. This technique relies on the
interaction between a photon and the target molecule. The light beam can be generated from a
laser or from another source producing light of high intensity. According to Equation 1.1 a
molecule contains three types of energy: vibrational, rotational and electronic [32]. Depending
on the wavelength used the molecule can be excited through these three different types of
energy. For example, infrared photon absorption will excite a molecule through vibrational
energy, because vibrational modes have comparable energies [32]. In contrast, molecules can
suffer electronic excitation or direct photodissociation by absorption of photons in the
ultraviolet region [33].
𝐸 = 𝐸 elec + Evib + Erot

(Equation 1.1)

Where:
E = total energy
𝐸 elec = electronic energy
Evib = vibrational energy
Erot = rotational energy

Using Equation 1.2, visible radiation of wavelength 500 nm corresponds to 57.2 kcal mol-1,
whereas ultraviolet light of wavelength 300 nm is equivalent to 95.3 kcal mol-1 [30]. The energy
in the ultraviolet range is enough to lead to single bond homolysis of many organic compounds
[30].
Ephoton = ℎ 𝜈

(Equation 1.2)
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Where:
E = photon energy
h = constant of Planck
𝜈 = frequency
Photolysis has been used widely in the investigation of radicals in the gas phase. One example
of photolysis being used to investigate radicals in the gas phase was conducted by Maccarone,
et al. [34], where the 4-(N,N,N-trimethylammonium)methyl phenylperoxyl radical cation was
generated through photodissociation, within the range of 310–500 nm in order to investigate
its photoproducts channels. Hansen, et al. [35] also conducted an investigation in the gas phase
to study the structure and reactivity of N-methylpyridinium ions and its isotopes using a linear
quadrupole ion trap mass spectrometer modified in order to perform analysis at a fixed
frequency through laser photolysis.
Halogenated precursors and their photodissociation dynamics have been investigated widely
[36-38], which made possible the characterisation of the photodissociation dynamics of alkyl
halides. It has been shown that homolytic cleavage of the bonded C-X (X: I, Br, Cl) occurs in
the UV range, since dissociative electronic states are reached when photon-induced. Electrons
on the halogen in non-bonding orbitals (n) are excited to anti-bonding orbitals (σ*) allocated
on the C-X bond (σ*⟵n) causing repulsion with respect to the C-X coordinate, leading to
dissociation [37].

1.4 Radical ions
Conventional radical ions are species that have an unpaired electron and carry an electric
charge on the same atom (Fig.1.2). They can be generated through chemical ionisation (CI),
electron ionisation (EI) or by tandem mass spectrometry analyses [39]. Electron ionisation is
known as a hard ionisation method due to the production of ions through usage of highly
energetic electrons. In contrast to EI, chemical ionisation is a soft ionisation method, where
molecules of the reagent gas undergo EI to then react with the compound of interest to achieve
ionisation. Techniques such as CI and EI tend to result in fragmentation of the analyte.

Radical cations emerge when an electron is lost by a stable neutral compound, usually
possessing the same atomic connectivity as their neutral precursors. Moreover, radical cations
can be formed via chemical oxidation, photoinduced electron transfer or electrochemical
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oxidation. Owing to the fact that radical cations carry a radical site and an electric charge, they
undergo many reactions in condensed and gaseous phases [40]. However, studies have shown
that these species often have fewer stable isomers with spatially separated charge and radical
sites. These species are classified as distonic radical ions.

Figure 1.2. Illustration of aniline (1), protonated aniline (2), and the “conventional” radical
ion of aniline (3).
1.4.1 Distonic radical ions
Distonic radical ions are a subclass of radical ions that contain a radical site and a charge site
on different atoms (Fig.1.3). The radical site and the charge can be located adjacently or
separated by two or more atoms. Distonic ions were first theorised by Billets et al., in 1970
[41], and later by McLafferty and Gross in 1971 [42], but it was only eight years later that
experimental results were collected to support theoretical predictions [43]. The term “distonic
ion” was then proposed by Yates et al., in 1984 [43]. The first distonic radical proposed by
Billets et al. is illustrated in Figure 1.3. Distonic radical ions can arise from ionisation of a
diradical, ylide or a zwitterion. Moreover, distonic radical ions can be formed in the gas-phase
through bimolecular reaction or through isomerisation of a radical ion [44]. Another feature of
a distonic radical ion is its ability to sometimes react as bidentate species. It can react as an ion
having an inert radical site, as a radical containing an inert charge site or act as both [44].

Figure 1.3. First distonic radical proposed by Billets et al. (1970).

6

In dissociation reactions, distonic radical cations are recognised as an important intermediate
and tend to be more stable than conventional radical cations because their formation arises
from ionisation of unstable neutral molecules. Stirk et al. (1992) investigated the reactivity of
alkyl distonic radical cations with neutral diatomic molecules in the gas phase [45]. However,
more recently, investigations have intensified in particular on aryl distonic radicals. The focus
of this thesis on distonic ions relate to DNA bases implicated in DNA cleavage.

1.5 Cytosine and its derivatives
1.5.1 Nucleobase cytosine
DNA is formed by two long chains composed of nucleotides that are made up of a phosphate
group, deoxyribose sugar and one nucleobase [46]. There are four nucleobases present in DNA
known as adenine (A), thymine (T), guanine (G) and cytosine(C) [46]. Cytosine and thymine
contain only one ring and are classified as pyrimidines whilst adenine and guanine, which
contain two rings, are classified as purines [46]. In the DNA structure the two strands are
connected by hydrogen bonds between two bases, A-T and G-C (Fig. 1.4), and it is the order
of base-pair formation that determines the genetic code [46]. When exposed to ionizing
radiation, the four nucleobases present in DNA produce very reactive radical cations that leads
to mutation in the living system. The radical cation (C•+) that emerges from oxidation of
cytosine to form products such as 5-OH-deoxycytidine and deoxycytidine-glycol, then
undergoes deamination to form uracil derivatives [47]. The deamination transforms C into U
that changes the base pairing G into A, resulting in the formation of AT from GC. The resultant
base pairing structure is considered a mutation type very common in cancer cells and aerobic
organisms [47].

Amongst the four nucleobases cited above, cytosine is the most basic compound in aqueous
conditions, participating in base pairing interactions under acidic conditions [48]. In view of
the fact that pyrimidine nucleobases such as cytosine and its derivatives play a big role in
DNA’s and RNA’s structure and so far, has not being fully investigated, this study will be
directed into the investigation of this species.
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Figure 1.4. DNA base pair between cytosine and guanine, illustrating the double stranded
DNA helices that are linked to each other by hydrogen bonds.
1.5.2 Tautomerism of neutral cytosine
Neutral cytosine tautomers can be found in a mixture of various forms in the gas phase, such
as enol-amino (cis and trans), keto-amino and keto-imino (cis and trans) [49]. However,
computational and experimental studies have assigned the keto and enol (cis, trans) form as the
most relevant and stable structures [50, 51]. The lowest energy tautomer of neutral cytosine in
the gas phase is the enol form with the hydrogen attached at the oxygen trans to N3, observed
in the structure 2 in Figure 1.5, followed by the canonical oxo form (structure 1) and the enol
form with the hydrogen cis to N3 (structure 3) [52]. Even though, enol-amino trans form,
illustrated on structure 2, is the most stable isomer of neutral cytosine in the gas phase, structure
1 and 3 differ only by 0.8 kcal mol-1 in energy. Imino tautomers are found in a small fraction
and tend to be less preferred than the amino form, but they are still relevant and cannot be
disregarded [52]. In aqueous phase the preferable form of neutral cytosine tautomer is the same
structure found in the base pair that forms the DNA building blocks, the keto-amino form.
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Figure 1.5. Most stable isomers of neutral cytosine in the gas phase.

1.5.2.1 Protonated cytosine tautomers in the gas phase
Pyrimidine bases can exist in DNA in different tautomeric forms that are distinguishable by
the proton position. Protonated cytosine not only promotes conditions to stabilise DNA
triplexes, but it also can lead to DNA mutations by base-pair mismatching [53]. DNA mutations
caused by protonated cytosine can take place if its structure assumes a rare tautomeric form
[53].

The neutral cytosine form can be protonated in four distinguished protonation sites: at the
oxygen (O7), at the nitrogen located at the bottom (N1) of the molecule, at the nitrogen (N3)
adjacent to O7 or at the nitrogen situated at the top (N8). However, through high level ab initio
calculations, researchers found out that protonation at the nitrogen (N3) is slightly less
favourable than the protonation at the oxygen due to resonance stabilization [54]. Salpin and
co-workers investigated protonated cytosine isomers in the gas phase using mid-infrared
multiple-photon dissociation spectroscopy and determined that the main structures in the gas
phase were mostly enol-amino isomers, as illustrated in Figure 1.6 by structure 2 and 3 [55].
In addition to experimental work, computational studies have confirmed that the structures
enol-amino (cis, trans) and oxo-amino are the most stable form of protonated cytosine in the
gas phase [56-58], by showing the lowest tautomers energy amongst all the isomers formed
from protonated cytosine. In Figure 1.6 the oxo-amino form contains the second lowest energy
differing only by 0.3kJ mol-1 (essentially indistinguishable in energy) from the form
corresponding to structure 3. Even though the enol-amino trans isomer differs only by rotation
of the -OH group from structure 3, there is a repulsive interaction between the hydrogen
attached at the nitrogen on the bottom of the molecule (N1) and the hydrogen attached at the
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oxygen, whilst in structure 3 there is an attractive interaction between the hydrogen attached at
the oxygen with the lone pair of the nitrogen (N3) [55].

Through computational work, Improta, Roberto and co-workers compared the electronic and
geometric structures of DNA’s nucleobases in its neutral and protonated forms in order to
investigate the fragmentation patterns for cytosine and thymine [59]. They reported that the
oxygen in the nucleobase cytosine is the atom that presents the highest amount of positive
charge and spin density, where the location of the electronic density depletion could be
associated to a fragmentation resistance. It was also observed that when the molecule loses one
electron the double bond between N3 and C4 weakens, favouring the partial double bond
formation between C4 and N8. After formation of the partial double bond between C4-N8 the
structure is likely to suffer a Retro-Diels-Alder reaction, where the compound formed
undergoes simultaneous loss of NCO or HNCO with the same ratio.

Figure 1.6. Most stable isomers (oxo-amino (1), enol-amino trans (2) and enol-amino cis (3))
of protonated cytosine in the gas phase.
1.5.3 Halogenated substituted pyrimidines
Brominated nucleobases have the potential to act as radiosensitisers because they can generate
a very reactive radical upon photolysis. The halogenated substituted pyrimidine 5bromocytosine (5BrCT) undergoes many reactions in biological system. For example, upon
UV irradiation guanine transfer one electron to 5-bromocytosine generating a guanine radical
cation and 5BrCT anion radical [11]. Br¯ is eliminated producing cytosine-5-yl radical that
binds to guanine, the adduct then undergoes deprotonation to form a cross-linked lesion [11].

The substituted pyrimidine 5BrCT has protonation isomers present in the gas phase similar to
cytosine. The protonation can take place either at the nitrogen atoms (N1, N3 and N8) or at the
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oxygen (O7, Fig.1.5). For the nucleobase cytosine, derived specifically from halogenated
pyrimidine 5BrCT, very little is known about its photoreactivity. For the first time in 1995, 5bromocytosine and its photochemical reaction was studied, however the photochemical
reaction of 5BrCT was investigated with the presence of amino acids and their derivatives [60].
Later on, a study was conducted to show that 5-bromocytosine treated with irradiation produces
the cytosine-5-yl radical to eventually form a very stable θ-iminyl radical through basecatalysed tautomerisation [61].

1.5.4 Cytosine nucleosides
Nucleobases, nucleosides and nucleotides are present in DNA and RNA and their stabilities
are crucial to maintain the structure of DNA and RNA intact. Nucleosides are formed by their
respective nitrogenous bases linked to a ribose or deoxyribose ring, for example, uridine is
formed from nucleobase uracil and a ribose ring, whilst deoxythymidine is formed from
thymine and a deoxyribose ring. Cytidine (Cyd) is classified as a ribonucleoside along with
adenosine, guanosine and uridine. Specifically, Cyd can be found in RNA and contain the
nucleobase cytosine linked, through a N1-glycoside bond, to a five-carbon sugar. The covalent
bond between the nucleobase and the ribose affects directly the stability of DNA or RNA via
mutations that can be caused through mismatch or nucleobases scission.

The effect of protonation on the structure of cytidine has been studied by means of N-14 and
N-15 nuclear magnetic resonance spectroscopy in organic solvents and aqueous solution,
reporting that the favoured protonation site is found to be at N3 position in solution [62-66].
However, for protonated nucleosides and nucleobases protonation at the oxygen is viable in
the gas phase [67, 68]. Wu et al. investigated the structures and stabilities of protonated 2’ deoxycytidine and cytidine via infrared multiple photon dissociation (IRMPD) action
spectroscopy along with computational calculations in order to identify tautomers containing
low-energy conformations [62]. It was reported that for protonated structures of 2’deoxycytidine and cytidine, N3 was the preferable protonation site when calculated by means
of computational work using B3LYP, whereas O7 was the favourable site when MP2 was
applied. Comparison between experimental data obtained by IRMPD and calculated spectra
via linear Infrared spectra suggests that protonation at N3 and O7 positions coexist as low
energetic tautomers conformations for 2’-deoxycytidine and cytidine. Four structures were
outlined as the most stable conformers for protonated cytidine, however, N3B (anti and C3’-
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endo) and O7B (anti and C3’-endo) are reported to exist in low populations, whereas N3A (anti
and C2’-endo) and O7A (anti and C2’-endo) are demonstrated to exist in almost equal
population. For 2’-deoxycytidine it was reported that N3 was slightly preferred than O7, whilst
for cytidine the protonation at position O7 was more favourable. All structures of cytidine are
found to have the nucleobase in anti-orientation, and for N3A (anti and C2’-endo) and O7A
(anti and C2’-endo) , which have the sugar C2’-endo puckered, the OH groups present at the
sugar ring are positioned away from the nucleobase (rotated down), whilst N3B (anti and C3’endo) and O7B (anti and C3’-endo), which contain the sugar C3’-endo puckered, shows that
OH groups are positioned up and away from the nucleobase.

1.6 Summary and thesis overview
Pyrimidine derivatives present similar structure to their nucleobase precursor, which play a big
role in DNA and RNA structures, as well as photochemical and photophysical properties,
however they might behave differently when it comes to photodissociation dynamics.

No previous studies on nucleobases have focused on the generation of cytosine-5-yl radical
ion, and neither has its reactivity been investigated in the gas phase. The aim of the present
work is to identify for the first time the radical ion generated through photodissociation of
protonated halogenated pyrimidines and their major products in order to determine if the
location of the proton within the molecule can be assigned through reactivity measurement and
if the product distribution is affected by the protonation site.
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2 Instrumentation and experimental procedures
2.1 Introduction
In this chapter topics such as analysis methods, instrumentation, data acquisition and
computational methods will be described. In order to study reactions and photodissociation
behaviour in the gas phase for the molecules of interest, a modified linear ion trap mass
spectrometer previously described by Prendergast et al. was used [69].

2.2 Instrumentation
2.2.1 Ionisation
In order to generate gas phase ions, Electrospray Ionisation (ESI) was employed and coupled
to a mass spectrometer being manipulated under positive on mode. Electrospray ionisation
combined with mass spectrometry (ESI-MS) has become one of the most used techniques in
analytical chemistry studies aimed at the identification and characterisation of unknown
compounds [70-73]. ESI has transformed mass spectrometry, elevating its structure
information and sensitivity [74]. ESI enables samples in the liquid phase to be ionized,
producing very stable ions and preserving the species structure. Moreover, there is no
theoretical mass limit, therefore enabling the analysis of large noncovalent protein complexes.
ESI generates gas-phase ions through the application of high voltage (ca. kilovolts) and
nebulizing gas (i.e. nitrogen) to a flow of sample solution through a narrow capillary (around
100 m inner diameter). Therefore neutral analytes can be converted into an ionic form e.g.
protonation for analysis via mass spectrometry [75].

The ESI occurs in three main steps. First the liquid phase is nebulised into charged droplets
when it is emitted from a needle containing a voltage within the range of 2.0 – 5.5kV.
Depending on the voltage applied in the capillary it will expel either anions (negative voltage
applied) or cations (positive voltage applied) into the gas phase [75, 76]. The droplets size are
reduced by solvent evaporation when it goes through a pressure gradient. Often the needle is
heated to enhanced solvent evaporation. As the droplets shrink, the charge density at the
droplet’s surface increases. The ions at the droplets surface can be expelled into the gas phase
just as the repulsion on the surface tension is exceeded.

In the experiments described in this thesis the potential applied to the capillary was between 5
and 7 kV. To introduce the selected compounds through the ESI source, the sample was diluted
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with methanol or another suitable solvent. The samples were injected with 3 to 5µL min -1 flow.
Conditions such as spray current, sheath gas flow rate, auxiliary gas flow rate, capillary voltage
and capillary temperature remained constant and are described in Table 1.

Table 1. Electrospray ionisation conditions.
Parameters
Spray current

0.5µA

Sheath gas flow
Auxiliary gas flow rate
Sweep gas flow rate
Capillary voltage

9.00arb
0arb
0arb
44.56V

Capillary temperature
Capillary potential

250 °C
5 - 7 kV

2.2.2 Linear Ion Trap Quadrupole Mass Spectrometer
Ion traps operate either to confine and manipulate ions for a period of time or to function as a
mass spectrometer with a wide mass range. The device is able to efficiently identify and detect
ionized compounds through dissociation and reaction pathways. Ions in the gas phase can be
positively or negatively charged while confined in the quadrupole. The confinement takes place
due to a potential applied to electrodes that form the device [51]. A field is created in the device
when two pairs of opposites rods, coupled electrically, are put side by side and radiofrequency
and direct currents voltages are applied. When ions pass into the device to travel down the
quadrupole, between the electrodes, they encounter the effect of the field following different
trajectories. Ions that follow unstable trajectories are likely to collide with the rods, while the
remaining ions that present a stable trajectory will reach the detector [77]. They oscillate
according to their mass-to-charge ratio values and are dependent on the amplitudes of the
applied potentials [77].

The instrument employed to acquire experiments of photodissociation, collision-induced
dissociation and ion-molecule reactions was a Thermo Fisher Scientific LTQ-XL, which was
controlled by Xcalibur 2.2 SP1.48 interface. The instrument used in this study is illustrated in
Figure 2.1.
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Figure 2.1. Diagram of the mass spectrometer used throughout the experiments described in
this study. Diagram extracted from [78]. A modification on the back of the instrument allows
the laser pulse into the ion trap.

2.2.2.1 Optical access
The linear quadrupole ion trap mass spectrometer was modified to allow optical access to
trapped ions. A fixed-frequency laser system (Continuum Minilite Nd:YAG laser, operating at
266 nm in these experiments) is situated near a quartz window on the back of the linear ion
trap (Figure 2.1). The pulse energy of the laser at 266 nm is 4 mJ operating at a maximum of
10 Hz and the pulse width is 5 ns. The laser beam is directed into the ion trap by mirrors that
are adjustable in order to arrange the overlap between ions and photons. Trapped ions during
an activation event are exposed to a laser pulse entering through the quartz window. The
resultant product ion population in the ion trap can either be reisolated to react with neutrals
(see below) or subjected to collision-induced dissociation. Adducts resulting from either option
can then be further isolated and fragmented. Finally, a mass spectrum is recorded after ions are
ejected from the ion trap to the detectors.

2.2.2.2 Modifications for ion-molecule reactions
The introduction of helium into the Thermo Fisher Scientific LTQ-XL was conducted by a gas
handling manifold, which supplied the buffer gas into the ion trap. For molecular reactions, a
gas delivery system was used that was slightly modified by previous students (Figure 2.2).
Introduction of neutral co-reactants was managed through a gas cylinder filled to a pressure of
2000 Torr, which was connected to the ion trap. This system allows the introduction of different
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co-reactants in a small amount of time, preventing possible contamination by ambient air.
Concentrations of various gases used in this study are described below each plot in the ensuing
chapters. All co-reactants were doped with helium gas using an in-house gas manifold.

Figure 2.2. Gas handling manifold connected to the Thermo Fisher scientific LTQ-XL used in
this project.
2.2.2.2.1 Concentration of neutral reactant
In kinetics experiments, rate constants are extracted from following a reagent or product as a
function of time. In order to calculate the rate constants, the concentration of one reactant must
be known. Throughout this study, the reaction rates for bimolecular reactions, where the neutral
co-reactant is added in excess to the helium gas, are classified as pseudo first-order. Neither
the concentration of radical cation nor the adducts emerging from reactions can be determined
through the experimental conditions used herein. Consequently, the concentration of the
neutral co-reactant added in excess must be known in order to extract second-order rate
coefficients. Neutral co-reactant gas concentrations used throughout these experiments were
calculated using the following equation [29]:

N neutral=

pneutral

P

Mneutral

ptotal

kT

MHe

1
2
Equation 2.1

Where:
Nneutral = Neutral reactant number density within the ion trap
Pneutral = Partial pressure of the neutral reactant in the cylinder
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Ptotal = Total pressure in the gas cylinder
Mneutral = Neutral reactant molecular mass
MHe = Helium molecular mass
P = Pressure in the ion trap
k = Boltzmann constant
T = Temperature of the ion trap

2.3 Methods
2.3.1 Photodissociation versus collision-induced dissociation
In mass spectrometry, to determine the structure of an ion it is conventional to dissociate that
ion by some means and analyse the fragment ion(s). Due to the important information collected
from a molecule when its ions undergo dissociation on the gas phase, techniques, such as,
collision induced dissociation (CID) are commonplace. CID is the most popular technique used
to collect information about configuration, fragmentation pattern, binding energies,
isomerization and conformation [79]. For example, CID has been used as a method to
determine fragmentation patterns of nucleosides [80] and nucleobases [81] in order to identify
modified nucleosides and investigate interactions between alkali metal cation with
nucleobases. In this technique, the ions formed during the transition into the gas phase are
oscillated by a selectively applied electrical potential, which increases the ions’ kinetic energy
and collisions inert gas proceed. The collision between the buffer gas and the ions results in
conversion of kinetic energy into ion internal energy and ultimately bond cleavage.

Photodissociation (PD) is a method based on the accumulated internal energy absorbed by
ions from one or more photons of a determined wavelength that leads to fragmentation [79].
Increasingly lasers operating with a UV or near-UV light are deployed to dissociate ions. At
these short wavelengths, the absorption of a single photon is often sufficient to cause
dissociation. Since the mechanism of PD is different to CID, different product ions may be
observed. In the case of UVPD at energetic wavelengths including 193 nm and 213 nm have
major utility in the characterisation of biological ions.

Even though Collision-Induced Dissociation (CID) offers an easy and robust methodology, for
some species the energy deposition induced by collisional activation is not enough and other
techniques might be required [79]. Moreover, for some molecules, CID can scramble the
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structure, producing isomers of radical species. In contrast, laser photolysis generally offers
some advantages, including a more direct and selective production of radicals in the gas phase
when coupled for iodinated/brominated precursors. Furthermore, the technique is suitable with
a wide range of precursors. The coupling of laser pulses with ion trap mass spectrometers works
well due to the confinement of ions in space that makes possible the interaction with the photon
beam from either pulsed or continuous wave lasers.
In this thesis, compounds of interest were mass isolated in the ion trap with widths m/z 1.0 –
2.0 and activation q-parameter 0.250 to subsequently undergo either photodissociation (PD) or
CID. During CID analysis the normalised collision energy was between 20-30 arbitrary units.
The mass spectra acquired through PD and CID reported a similar ion abundance of the radical
cation for example at m/z 111 in the case of protonated cytosine-5-yl radical ion. Even though
both techniques presented similar outcomes for the formation of the radical ion of interest,
experiments described in this study including kinetic measurements were collected through PD
unless stated otherwise.

2.3.2 Kinetics measurements
Cytosine-5-yl radical ions, generated through laser photolysis of brominated and iodinated
precursors, were isolated and stored in the presence of controlled concentration of co-reactants
such as, molecular oxygen and unsaturated hydrocarbons in a wide range of time periods. In
order to collect effective kinetics measurements, the ion trap system was stabilised ensuring
that the concentration of co-reactants throughout the kinetics experiments was stable by turning
on the respective gas flow at least twelve hours before the first measurement. To acquire kinetic
measurements, experiments with a wide range of timescales must be taken, therefore, during
the investigation of nucleobases and nucleosides a range of approximately 40 ion storage
reaction times, varying from 0.03 to 7000 ms, were acquired. All spectra collected for each
storage time were acquired with an average of at least 40 scans. Because of an excess of neutral
co-reactant gas over a small fraction of radical ions, the reaction is assumed to take place under
first-order kinetics (and validated by pseudo-first order plots). Kinetic curves generated were
fitted either by a single exponential function or a combined growth and decay exponential
function employing Levenberg-Marquard algorithm using the Pro fit 7 software package. A
limit of ±50% uncertainty in the second-order rate coefficient results from a high uncertainty
in the ion-trap gas pressure estimated at 2.5 mTorr ±50%.
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All data collected from kinetic measurements were processed using a program developed by
previous students in the UOW Laser Chemistry Research group using LabView 2011. The
script integrates the peaks (m/z) of interest and normalises them over the entire spectrum
against the total ion count. A text file is then generated with an average of all scans for each
timescale selected. The average is then plotted against a reaction time in order to generate a
kinetic curve. Figure 2.3 shows a summary of the kinetic measurement workflow.

Figure 2.3. Schematic workflow of a kinetic measurement.
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2.3.2.1 Pseudo-First Order Rates
The reactions herein described are measured under pseudo-first-order conditions, where the
neutral gas is present in the ion trap with an excess in relation to the reactant ion ([B]>>[A +]).
In order to obtain pseudo-first order rates, the natural logarithm of a radical ion decaying away
is plotted against reaction time. Second-order rate constants k2 can then be derived from
pseudo-first-order rate constants k1, following equation 2.2.

k2 (cm3 molecules-1 s-1) =

k1 (s-1)

Equation 2.2

[B]
Where:
k2 = second order rate constants
k1 = first order rates constants
[B] = concentration of neutral gas in the ion trap
[A] = concentration of reactant ion in the ion trap

2.3.2.2 Reaction efficiency
The correlation between second-order rate constant (k2) and collision rates (kcol) are classified
as reaction efficiency (𝜙) and can be calculated through the parametrised trajectory described
by Su and Chesnavich [82], where the collision rate follows a correction to the Langevin model
illustrated in equation 2.3 to 2.7. Theoretical collision rates calculations were implemented by
Dr. Shuji Kato in a SigmaPlot routine (University of Colorado, Boulder) and converted into an
excel spreadsheet. The reduced mass 𝜇 can be calculated following equation 2.3, where m1 is
the molecular weight of the ion and m2 is the molecular weight of the neutral. In equation 2.4,
q is the electric charge and 𝛼 is the polarizability of the neutral co-reactant. In equation 2.5 𝜇 D
is the dipole moment of the neutral co-reactant; kB is the Boltzmann constant and T is
temperature.

𝜇=

m1 m2
m1+m2

Equation 2.3
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kcol = kL ×

(𝑥+0.509)2
10.526

+ 0.9754 𝑥 ≤ 2

Equation 2.6

kcol = kL × (0.4767x + 0.6200) 𝑥 > 2

2.4 Computational methods
In this study, quantum chemical calculations were performed in order to support assignment of
photoproducts and to elucidate their formation mechanisms. Calculations were performed
using the Gaussian 09 program [83], where results were analysed using GaussView 6.0.16.
Calculations employed Density Functional Theory using the wB97XD method and aug-CCpVDZ basis set [84]. The computational method and basis set are expected to produce good
representative results for these reactions to assist in interpreting the results. A full
benchmarking exercise was not performed due to time limitation.

2.5 Reagents
The compounds, 5-bromocytosine (99%), 5-bromocytidine (95%), propene (≥99%), and
propyne (≥99%) were purchased from Sigma-Aldrich (Castle Hill, NSW), while formic acid
(≥99%) was obtained from Ajax Fine chemicals (Sydney, NSW). Deuterated methanol
(CH3OD, 99.5%), methanol (HPLC grade), acetonitrile (≥99.8%), helium (≥99.9%), 16O2 and
18O2

gases were also obtained from Sigma-Aldrich (Castle Hill, NSW). Only Milli-Q grade

water was used in the experiments. Acetylene was purified via the method previously
mentioned by Turner, A., 2019 [85].
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3 Reaction of the Cytosine-5-yl Radical Ion with O2
3.1 Introduction
This chapter will detail new results exploring data of protonated cytosine-5-yl radical and its
reactivity when exposed to molecular oxygen. No previous studies on nucleobases have
reported the generation of protonated cytosine-5-yl radical, and neither has its reactivity
towards O2 been investigated. In this study the investigation of the cytosine-5-yl radical ion
will cover discussion including two halogenated precursors: 5-bromocytosine (5BrCT, 190 Da)
and 5-iodocytosine (5ICT, 237 Da). Gas-phase oxidation reactions and product channels are
presented and mechanisms of possible pathways of photodissociation are discussed. Radical
cations are formed within a linear ion trap mass spectrometer either by PD or CID from
halogenated precursors and kinetics measurements are discussed along with branching ratios
and second-order rate coefficients. The protonated cytosine-5-yl radical and its reactivity
towards O2 is evaluated herein in order to determine if the location of the proton within the
molecule can be assigned through reactivity measurement and if the product distribution is
affected by the protonation site. Scheme 3.1 introduces the formation of the cytosine-5-yl
radical ion, and its products emerging from the reaction with molecular oxygen.

Scheme 3.1. Generation of the protonated cytosine-5-yl radical and major products emerging
from the reaction between the radical ion and O2.
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3.2 Synthesis of the protonated cytosine-5-yl radical
In this section the radical ion generated through PD or CID from protonated 5-bromocytosine
(5BrCTH+, m/z 190 and 192) and protonated 5-iodocytosine (5ICTH+, m/z 238) will be
investigated and assessed. Investigation of sodiated cytosine-5-yl radical will be briefly
discussed and presented in the supporting information for this chapter.

The concentration of samples analysed throughout the experiments in this section was between
10 – 20 µM dissolved in methanol. The halogenated precursors were ionised by electrospray
ionisation and subsequently stored in the ion trap to then be submitted to photodissociation.

The 5BrCTH+ ion appears at m/z 190 and 192 ([M + H]+), where the peak at m/z 190
corresponds to the bromine isotope 79Br, whilst the m/z 192 peak correlates to the isotope 81Br
(Fig.3.1 top). Minor peaks are also observed at channel m/z 191 and 193, which resulted from
the presence of 5BrCTH+ containing a small fraction of

13C.

Protonated 5-bromocytosine

(5BrCTH+, m/z 190 and 192) was subjected to photodissociation at 266 nm, which resulted in
generation of the product at m/z 111. The peak at m/z 111 [M]•+ corresponds to a loss of 81 Da
resulting from a bond homolysis of C-Br (81Br), assigned as the protonated cytosine-5-yl radical
(m/z 111). Two extra peaks can be observed at m/z 147 and 173, where the signal at m/z 147 is
assigned to arise from a loss of 43 Da correspondent to a loss of OCNH, whilst a loss of 17 Da
is observed to take place at the m/z 173, which corresponds to a loss of NH3 (Fig.3.1 middle).
Similarly, photodissociation of protonated 5-iodocytosine (m/z 238), illustrated in Figure 3.1
at the bottom, generates the radical cation at m/z 111 that corresponds to a bond homolysis of
C-I. The signal of the radical cation produced from homolytic dissociation of C-I has a higher
yield when compared with the radical cation formed from photodissociation of 5bromocytosine due to a weaker bond between the carbon and iodine atoms.
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Figure 3.1: ESI mass spectrum of 5BrCTH+ (top), PD-MS/MS of isolated 5BrCTH+ (m/z 190)
generating channel at m/z 111 (middle), PD-MS/MS of isolated 5ICTH+ (m/z 238) forming the
signal at m/z 111 channel (bottom).
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3.2.1 Reactions with molecular oxygen
In order to collect information about the protonation sites in the cytosine-5-yl radical ion, the
reactivity of this radical ion towards O2 is herein investigated and described. The ion at m/z
111 [M•+], formed by photodissociation of m/z 192, was isolated and stored in the ion trap with
a controlled concentration of

16O2.

The mass spectrum in Figure 3.2 illustrates the reaction

between molecular oxygen and the radical ion at 100 ms, resulting in the distribution of main
product peaks at m/z 59, 60, 69, 70, 71, 114, 126 and 127.

Figure 3.2. Mass spectrum of the protonated cytosine-5-yl radical generating the peaks at m/z
126 and 127 resulting from ion-molecule MS3 in the presence of O2. The radical ion was stored
within the ion trap for 100 ms and the mass spectrum represents an average of 100 acquisitions.
Concentration of dioxygen was 1.90 × 1011 molecules cm-3.
The addition of O2 to the radical ion (m/z 111) corresponds to m/z 143 ([M + 32]+) but is not
observed. As previously mentioned by Bezzina and co-workers [9], this can be attributed to
the short lifetime of the adduct. The m/z 126 product ([M + 15]+) is proposed to arise from the
peroxyl adduct that is formed upon addition of O2 to the radical ion (m/z 143) followed by a
loss of 17 Da that corresponds to a loss of •OH ([M + 32 – 17]+) . Similarly, the signal at the
m/z 127 channel ([M + 16]+) is assigned to emerge from O2 addition and subsequently loss of
•O atom ([M + 32 – 16]+). A minor product, observed at m/z 114, is also assigned to arise from
O2 addition (m/z 143) then eliminating HCO (29 Da). Scheme 3.2 outlines the proposed
reaction pathways of the ions at m/z 114, 126 and 127.
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Scheme 3.2. Reaction between the protonated cytosine-5-yl radical and O2, generating the
major products at m/z 114, 126 and 127.
3.2.1.1 Reaction mechanism of ions formed from O2 addition
In order to further investigate the reactivity of ions arising from molecular oxygen addition this
section will explore the product ions resulting from CID of m/z 126 and 127. When the ion at
m/z 126 is isolated and activated by CID it gives rise to ions at m/z 55, 70, 71, 83 and 98
(Fig.3.3). The m/z 71 channel is assigned to arise from loss of CO (28 Da), followed by a loss
of HCN (27 Da). The product ion at m/z 70 is assigned to a loss of CO (28 Da) from the
population at m/z 126 that generates the signal at m/z 98, which subsequently could suffer either
a loss of CO or C2H4 as these species have the same atomic mass (28 Da). A minor ion at m/z
83 is also observed when m/z 127 is subjected to CID and it is assigned to emerge from a loss
of 43 Da, corresponding to a loss of O=C=NH. Scheme 3.2 illustrates the m/z 126 channel that
is formed upon addition of O2 and subsequent elimination of •OH.
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Figure 3.3. CID mass spectra of m/z 126 formed upon addition of O2 to 5DHCT from
halogenated precursors (5BrCTH+ and 5ICTH+) resulting from PD-CID-MS4. The CID mass
spectrum of the iodinated precursor is illustrated at the top and the CID mass spectrum of the
brominated precursor is illustrated at the bottom. Concentration of dioxygen was 1.90 × 1011
molecules cm-3.
The CID mass spectrum of m/z 127 in Figure 3.4 shows the resulting ions at m/z 99, 84 and
71. The product at m/z 99 is assigned to a loss of CO (28 Da), followed by a second loss of 28
Da, generating the ion population at m/z 71 that indicate a loss of a second CO. The signal at
m/z 84 is assigned to result from a loss of 43 Da corresponding to a loss of O=C=NH.
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Figure 3.4. CID mass spectra of m/z 127 formed upon addition of O2 to the radical ion from
(5BrCTH+ and 5ICTH+) resulting from PD-CID-MS4. The CID mass spectrum of the iodinated
precursor is illustrated at the top and the CID mass spectrum of the brominated precursor is
illustrated at the bottom. The radical cation was stored within the trap for 100 ms for both
halogenated precursors. Concentration of dioxygen was 1.90 × 1011 molecules cm-3.
The photodissociation mass spectrum of protonated 5ICT formed the radical ion (m/z 111) that
reacted with 18O2 to form the channels of interest at m/z 126, 127, 128 and 129. Peaks at m/z
126 and 127 are observed to arise due to the presence background of

16O2,

and peaks at m/z

128 [M + 36 - 19]+ and 129 [M + 36 - 18]+ are observed to emerge from addition of 18O2 to the
radical ion. CID of the selected channels (m/z 128 and 129) generated the same channels
observed in the mass spectrum in Figure 3.5 and 3.6. Photodissociation mass spectra of the
radical ions in the presence of 18O2 gas can be found in the next section, whilst mass spectra
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from collision induced dissociation of selected channels are found in the supplementary
information for chapter 3.
3.2.2 Reaction of the protonated cytosine-5-yl radical with isotopically labelled 18O2
The radical ion of interest was isolated and submitted to react with isotopically labelled 18O2
to collect information and assign products emerging from the reaction of the radical ion with
16O2.

Scheme 3.3 describes a possible reaction pathway, where a loss of 17 Da corresponds to

a loss of NH3, forming the product at m/z 126. A further potential reaction pathway shows that
the ion then suffers two decarbonylation steps generating the signal at m/z 70. However, in this
study the channel at m/z 126 was assigned to arise from a loss of •OH (17 Da); consequently,
in order to assure that the assignment of m/z 126 does not arise from a loss of NH3 and to
demonstrate that the reaction pathway does not follow the mechanism described in Scheme
3.4, an experiment of protonated cytosine-5-yl radical was conducted with 18O2 gas.
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Scheme 3.3. Proposed reaction pathway of cytosine-5-yl radical cation in contact with 16O2,
where 17 Da corresponding to a loss of NH3 forms the signal in the m/z 126 channel followed
by a double CO elimination to generate channel m/z 70.
Figure 3.5 shows the mass spectrum of the protonated cytosine-5-yl radical acquired with
controlled concentration of 16O2 and 18O2. Scheme 3.4 illustrates the reaction pathway with 16O2
that generates the channel at m/z 126, referent either to a loss of NH3 or •OH, and the channel
at m/z 127 that is assigned to arise from •O loss. The channel at m/z 147 (M + 36) generated by
the reaction with 18O2 reveals that a loss of •OH, •O and NH3 would take place at m/z 128, 129
and 130 channels, respectively. The population observed at m/z 126 and 127 on the mass
spectrum of the radical ion with 18O2 (Fig. 3.8, black line) is attributed to existing background
of 16O2 in the ion trap, whilst the signal in the m/z 128 and 129 channels correspond to a loss
of •OH and •O, respectively. The loss of NH 3 that would take place in the signal at m/z 130 is
not detected in the experiment with 18O2 gas. This is a strong evidence that loss of NH3 (17 Da)
is not taking place within the reaction, therefore the reaction pathway does not follow the
mechanism described on scheme 3.3.
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Figure 3.5. Comparison of photodissociation mass spectra of 5BrCTH+ when stored with 16O2
and 18O2 gas resulting from PD-MS3. The storage time in the ion trap was 100 ms for both coreactants with an average of 100 scans for each reaction. Concentration of 16O2 was 1.90 × 1011
molecules cm-3 whilst concentration of 18O2 was 1.69 × 1011 molecules cm-3.

Scheme 3.4: Scheme of the reaction pathway of cytosine-5-yl radical ion when exposed to 16O2
and 18O2. The reaction pathway with 16O2 is illustrated on the left side and the reaction pathway
with a controlled concentration of 18O2 gas is illustrated on the right side, illustrating that the
loss of 17 Da does not correspond to a loss of NH3.
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3.2.3 Reaction of the 2-dehydroanilinium radical cation with molecular oxygen
The mechanism proposed above leads to products that depend on the location of the proton.
The amino (-NH2) group ortho to the radical site is either protonated or not. To explore this,
the reaction of O2 with the 2-aminophenyl radical was analysed to characterize the reaction of
the -NH3+ group.

A sample of 2-iodoaniline (219 Da), ionised through ESI (M + H, m/z 220) was isolated within
the ion trap and submitted to photodissociation at 266 nm. Figure 3.6 illustrates the mass
spectrum obtained from the reaction of 2-dehydroanilinium radical cation (m/z 93) upon
reaction with molecular oxygen. The signal in the m/z 93 channel was formed from a loss of
127 Da corresponding to C-I bond homolysis. Subsequently to photodissociation, the peak at
m/z 93 undergoes addition reaction with O2 (M + 32) when stored within the ion trap for 100
ms. The channel corresponding to O2 addition is observed at m/z 125. The product at m/z 108
indicates that the population at m/z 125 lost 17 Da resulted from a loss of •OH. The ions at m/z
80 are assigned to emerge from a successive loss of •OH (17 Da) and CO (28 Da) from the
peroxyl adduct (m/z 125). The reaction mechanism of 2-dehydroanilinium radical cation (m/z
93) upon oxygen addition supports the assignment of m/z 126 product, arising from a loss of
•OH after oxygen addition. This reaction also supports the link between CO (28 Da)
elimination following •OH loss.

Figure 3.6. Reaction of the 2-dehydroanilinium radical cation with molecular oxygen resulting
from PD-MS3. The ion formed at m/z 80 channel is assigned to a sequential loss of •OH (17
Da) at m/z 108 channel followed by a loss of CO (28 Da) from the peroxyl adduct formed upon
oxygen addition to the radical ion at m/z 93. Concentration of dioxygen was 1.90 × 1011
molecules cm-3.
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3.2.4 Solvent dependence of cytosine-5-yl radical ion reacting with dioxygen
As many studies have demonstrated that tautomers are affected directly by the solvent used
prior to ESI [86-88], solvent effects were investigated for the protonated cytosine-5-yl radical
in order to observe if the relative intensity of signals m/z 126 and 127, formed upon loss of
•OH (17 Da) and •O (16 Da) from addition of O2 to the radical cation (m/z 111), would undergo
any variation in their population. More specifically, if the population in the m/z 126 channel
showed any variation in its ratio upon ionisation in different solvents, such as protic and aprotic,
this could be an indicative that protonation is occurring at two sites – ie, two protomer
populations are present in the trap due to the increased loss of •OH. Product mass spectra were
acquired with methanol and methanol in the presence of acetonitrile, where three different
ratios for the solution (1:1; 1:3 and 3:1) were analysed throughout the experiment. Figure 3.7
illustrates the photodissociation mass spectra of the radical ion dissolved in methanol and
methanol in the presence of different ratios of acetonitrile. For all solutions analysed, no
variation was observed for the ion signals at m/z 126 and 127, though it is possible that the
energy barrier between protonation sites are low, such that proton arrangement occurs after
electrospray ionisation.

Figure 3.7. Photodissociation mass spectra of protonated cytosine-5-yl radical held within the
ion trap for 50 ms and allowed to react with O2 resulting from PD-MS3. Three different ratios
of acetonitrile and methanol were analysed (1:1, 1:3 and 3:1). Concentration of dioxygen was
1.90 × 1011 molecules cm-3.
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3.2.5 Kinetics of the protonated cytosine-5-yl radical with 16O2 and branching ratios
In order to further explore the decay of protonated cytosine-5-yl radical and its reactivity
towards 16O2, kinetics experiments were investigated. Mass spectra of m/z 111 decay, shown
in Figure 3.8, show that the population at m/z 111 has almost completely reacted at 500 ms.
Signals at m/z 126, 127 are observed along with product ions at m/z 69, 70 and 71. A small
fraction of signal is also observed for channels at m/z 59 and 60 as time increases. The
population at m/z 70 shows a growth from 10 to 100 ms but then vanishes by at 500 ms.

Figure 3.8. Mass spectra of the protonated cytosine-5-yl radical stored in the ion trap with
controlled concentration of 16O2 resulting from PD-MS3. The mass spectra were acquired
within a range of storage times spanning from 10 to 500 ms and are presented as an average of
at least 50 scans for each reaction time. Concentration of the neutral gas was [O 2] = 1.90 ×
1011 molecules cm-3.
Mass spectra for the reaction between the protonated cytosine-5-yl radical and O2 were
acquired with ion-trap storage times varying from 0.03 to 7000 ms. Averages of all scans for
each timescale selected were plotted against normalised integrated intensity for each channel
of interest in order to generate kinetic traces showing the decay of m/z 111 and the
corresponding growth of products. Kinetics curves are illustrated in Figure 3.9 for m/z 111,
126, 127, 70 and 71 at reaction times ranging from 1 to 3000 ms, from four experiments
obtained in one day.
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The kinetic traces of the m/z 111 peak are well fitted by a single exponential function; however,
kinetic traces of the products at m/z 126, 127, 70 and 71 required fitting with a combined
exponential growth and decay function. The plot containing kinetic traces of m/z 59 and 69 can
be found in the supplementary information at the end of chapter 3. Above the plot in Figure
3.9, the fit residuals are presented for the intermediate ion at m/z 111, where error bars are
provided to two standard deviations (± 2𝜎). The fit residuals show that the acquired data do
not follow a random distribution relative to the zero-point, where a systematic oscillation from
the fit can be observed between 1 and 200 ms. It is unclear what is the source of this systematic
oscillating residual in the fit. But it is noted that these residual values are less that 4% of the
fitted data. Pseudo-first-order rates of ions resulting from the reaction of the cytosine-5-yl
radical ion with O2 were extracted from the exponential fit of the kinetic traces in Fig. 3.9 and
are reported in Table 3.1, where statistical uncertainties are presented to two standard
deviations (2σ). The pseudo-first-order rates show that the decay of m/z 111 (k’ at 12.6 ± 0.9
s-1) matches the growth of m/z 126 (12.5 ± 3.6 s-1) and m/z 127 (11.9 ± 1.2 s-1).

Table 3.1 Pseudo-first-order rates coefficients, from 5BrCTH+ (m/z 190 and 192), of ions
arising from the reaction of the intermediate radical ion and O 2. Statistical uncertainties are
presented to two standards deviations (2𝜎).
m/z

Decay k' (s-1)

Growth k' (s-1)

71
111
126
127

0.4 ± 0.3
12.6 ± 0.9
1.3 ± 1.3
0.5 ± 0.5

10.9 ± 1.4
12.5 ± 3.2
11.9 ± 1.2

The radical ion at m/z 111 decays away within 500 ms (k’ = 12.6 ± 0.9 s-1) but exhibits a
nonzero baseline. The baseline is approximately less than 2% of the initial intensity observed,
suggesting that a small portion of the ions at m/z 111 exist as a nonreactive isomerised radical
cation. The energy required to homolytically dissociate the C-Br bond is 83.3 kcal mol-1 [89]
whilst photodissociation at 266 nm (hν = 107.5 kcal mol-1) would import approximately an
excess of less than 24.2 kcal mol-1 energy into the radical ion formed upon C-Br bond
dissociation. The energy isomerisation barrier was briefly assessed by means of computational
studies, considering different tautomers of the cytosine-5-yl radical ion via H migration from
the -NH2 group either to C5 or N3 along with tautomers obtained by transferring a hydrogen
atom from C6 to C5 and from N1 to C6. Computational assessment considered the most stable
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protomers previously studied in the gas phase [52, 53, 90, 91]. The relative energies of the
isomers of protonated cytosine-5-yl radicals and its respective transition states are presented in
the supporting information.

In the interest of further characterising the reaction of the radical cation (m/z 111) under
oxidation conditions, second-order rate coefficients (cm3 molecule-1 s-1) were derived from
acquired pseudo-first-order coefficients with the same concentration of O 2 at [O2] = 1.90 ×
1011 molecules cm-3. Mass spectrometry data were obtained over five different days, totalling
15 experiments under the same conditions. The supplied concentration of O 2 remained constant
across the experimental days. Table 3.2 reports k’ (s -1) for m/z 111 and its respective secondorder rate coefficients (cm3 molecule-1 s-1). Reaction efficiencies that were calculated using the
Langevin collision model [92] which describes the rate coefficient as a percentage of
collisional frequency (𝜙), are given in Table 3.2 with the corresponding average over five days
of experiment. Because of the pressure uncertainty in the ion trap, the accuracy estimation
measurement is ± 50 %. It is known that for ion traps, the absolute pressure in the region of
the ion is difficult to ascertain.
As shown below, this reaction presents an average of 6.7 ± 0.9 × 10-11 cm3 molecule-1 s-1 for
second-order rate constant and 11.4 ± 0.9 % of reaction efficiency, over 5 days of experiment.
In comparison with previous studies of distonic aryl radical cations, the results herein described
present a great difference of second-order rate constant (k2nd) and reaction efficiency to the one
reported by Prendergast et al. [93] (k2nd = 2.5 ± 0.9 x 10-11 cm3 molecule-1 s-1, 𝜙 = 4 ± 0.9 %).

Table 3.2 Dioxygen concentration, pseudo-first-order rate coefficients, second-order rate
coefficients and the average of reaction efficiencies over five experimental days of intermediate
ion (m/z 111). Each experiment is an average of 4 replicates.
Day

[O2] (molecules cm-3)

k' (s-1)

K2nd (cm3 molecule-1 s-1)

𝝓 (%)

1

1.90 ×1011

13.6 ± 0.9

7.1 ± 0.9 × 10-11

12.0 ± 0.9

2

1.90 × 1011

12.6 ± 0.8

6.6 ± 0.8 × 10-11

11.2 ± 0.9

3

1.90 × 1011

13.3 ± 0.9

7.0 ± 0.9 × 10-11

4
5

1.90 × 1011
1.90 × 1011

12.7 ± 0.9

6.7 ± 0.9 × 10-11

11.9 ± 0.9

6.3 ± 0.9 × 10-11

12.0 ± 0.8
11.3 ± 0.9
10.6 ± 0.9

Average

6.7 ± 0.9 × 10-11

11.4 ± 0.9

36

Figure 3.9. Kinetics measurement of the protonated cytosine-5-yl radical ion stored in the ion
trap for times ranging from 1 to 3000 ms in order to react with 16O2. A single exponential
function was used to fit the decay of m/z 111 illustrated by a black line whilst a combined decay
and growth exponential function was needed to fit the products at m/z 70, 71, 111, 126 and
127. Error bars are not presented on the plot at the bottom for clarity. Error bars are shown to
two standards deviations (2𝜎) and fit residuals to the radical decay are presented on top of each
plot. Concentration of dioxygen was 1.90 × 1011 molecules cm-3.
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3.2.6 Computational investigation of protonated cytosine-5-yl radical with O2
In order to support experimental data assignment, energies were calculated for transition states
and key reaction intermediates for the system between protonated cytosine-5-yl radical and the
neutral co-reactant O2 using 𝜔B97XD method and aug-CC-pVDZ basis set. The pattern
observed for addition of O2 to the distonic 2-methylphenyl radical ion [94], ortho-methylphenyl
radical [95] and uracil-5-yl radical ion [9] leading to •OH elimination is also observed for
cytosine-5-yl radical ion. Figure 3.10 outlines the potential energy scheme for addition of O2
to the radical ion, transfer of H from N8 to the oxygen-centred radical at position 5 and
elimination of •O and •OH to produce the ions at m/z 127 and 126, respectively. The key
reaction intermediates, including those involved in the elimination of •O and •OH, were
calculated considering the most stable protomer previously studied in the gas phase [52, 53,
90, 91]. Addition of O2 to the radical ion produces the peroxyl radical species [M + 32] +•
denoted as I2, which is 38.5 kcal mol-1 below the energy of the entrance channel. There are two
possible reaction pathways for I2. The first pathway leads to a loss of •O forming the m/z 127
that needs to overcome an energy barrier of 12.6 kcal mol-1 above the entrance channel. In
contrast, the second pathway leads to the hydroperoxide species formed upon H transfer from
the amino group to the peroxyl radical, which presents an energy of 10.9 kcal mol-1 below the
entrance channel. Through a transition state of 6.2 kcal mol-1 above the energy of I1, the process
follows •OH elimination with a reaction enthalpy of 1 kcal mol-1 above the entrance channel.

A potential energy scheme was also calculated for the cytosine-5-yl radical protonated at the
amino group in order to compare the energy barriers with the isomer considered the most stable.
A scheme showing the transition states and minimum energy for products emerging from the
reaction between the radical ion (m/z 111), protonated at the amino group, and molecular
oxygen is illustrated in Figure 3.11. The attempt to calculate the transition state between I1 and
P1 illustrated in Fig.3.11 was not successful and is designated as a question mark.

The scheme of the cytosine-5-yl radical protonated at the amino group in Figure 3.11 shows
lower barriers energies for intermediates and products when compared to scheme 3.10 that
illustrates cytosine-5-yl radical protonated at the O7 position, demonstrating that protonation
at the amino group leads to a more favourable energetic pathway than Fig. 3.10.
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Figure 3.10. Potential energy schematic of the cytosine-5-yl radical ion, protonated at the
oxygen, reacting with O2 and its respective transition states and key reaction intermediates.
Energies are expressed in kcal mol-1 calculated using the 𝜔B97XD method and aug-CC-pVDZ
basis set.

Figure 3.11. Potential energy schematic of the cytosine-5-yl radical ion, protonated at the
amino group, reaction with O2 and its respective transition states and key reaction
intermediates. Energies are expressed in kcal mol-1 calculated using, 𝜔B97XD method augCC-pVDZ basis set.
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3.3 Discussion and conclusion
Mass spectrometry experiments were explored to investigate the gas-phase reactivity of the
cytosine-5-yl radical ion towards molecular oxygen in order to investigate its protonation sites
and photodissociation products.

Photodissociation of brominated and iodinated precursors were found to form, for the first time,
the same radical ion (m/z 111), however, when 5BrCTH+ (m/z 190 and 192) was isolated and
subjected to photodissociation two extra products emerged at m/z 147 and 173, compared to
5ICTH+, which gave rise only to m/z 111. The ions arising from photodissociation of the
brominated sample are justifiable in terms of energy. The necessary energy to cleave the bond
between C-Br within the 5-bromocytosine molecule is 83.3 kcal mol-1[89], whereas the bond
between C-I within a phenyl ring requires only 67 kcal mol-1[96]. Due to the fact that a higher
energy is required to cleave the C-Br bond a different photodissociation pathway takes place
(Fig. 3.12) , which instead of cleaving the bromine it may alternatively lose NH 3 (17 Da) or
OCNH (43 Da), giving rise to m/z 173 and 147, respectively.

Figure 3.12. Potential dissociation pathways of protonated 5-bromocytosine dissociation.

Reaction with molecular oxygen gave rise to products at m/z 126 and 127 that were assigned
as a loss of •OH and •O, respectively. In order to prove that the ion at m/z 126 was emerging
from •OH loss and not NH3 elimination, an experiment with isotopically labelled

18O2

was

conducted. The lack of the peak at m/z 130, corresponding to NH3 loss, confirmed that the
channel arises from •OH loss. Collision induced dissociation assessed the reaction mechanism
from the ions at m/z 126 and 127. The peak at m/z 126 was proposed to lose CO (28 Da),
following a second elimination of CO (28 Da) and HCN forming the ions at m/z 70 and 71,
respectively. The peak at m/z 127 was proposed to undergo two steps of CO elimination,
generating the m/z 71 product. The photodissociation mass spectrum of 2-dehydroanilinium
also reinforces the assignment of the ion m/z 126 through reaction of 2-dehydroanilinium with
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molecular oxygen, where the radical ion (m/z 93) undergoes •OH and CO elimination. In this
reaction a loss of •O (16 Da) is not observed-rather a major peak at m/z 108 is detected, proving
that protonation at amino group leads to a loss of •OH (17 Da).

Experiments described in this chapter have assisted in assigning the protonation sites within
the structure of protonated cytosine-5-yl radical and its respective products resulting from the
reaction with molecular oxygen, however, the information collected were not satisfactory to
answer whether the protonation site is affecting the product distribution. In the view of the fact
that the product distribution has not been fully investigated, the next chapter will study the
reactivity of the radical ion of interest towards the unsaturated hydrocarbon propene.

3.4 Supplementary information for chapter 3
This section contains topics that were not included on above sections in this chapter. There is
room for additional experiments to clarify the interpretation of results in this section.

3.4.1 Synthesis and products of sodiated cytosine-5-yl radical
The concentration of 5-iodocytosine (5ICT) sample analysed throughout the experiments in
this section was between 10 – 20 µM dissolved in methanol. To the halogenated precursors
sample, a small amount of sodium chloride, dissolved in the same solvent as the halogenated
pyrimidine sample with a concentration of 10 µM, was added in order to obtain a higher signal.
The sodiated precursor ions were produced by electrospray ionisation and subsequently
selected and stored in the ion trap to then be submitted to photodissociation, unless stated
otherwise.
The mass spectrum of sodiated 5-iodocytosine (5ICTNa+) was obtained between m/z 50 – 250,
stored within the ion trap and submitted to photodissociation at 266 nm that resulted in
generation of the channel at m/z 133. The intermediate radical cation produced by 5BrCT m/z
133) at selected reaction times varying from 1 to 1000 ms did not show a good resolution, nor
an acceptable yield for the radical ion. For this reason, the iodinated precursor (5ICTNa+, m/z
260), is herein considered for the investigation of sodiated effects on the target radical ion.

As observed in Figure 3.13, photodissociation of 5ICTNa+ (m/z 260) at 266 nm resulted in the
major channels at m/z 133 and m/z 128. The ion at m/z 133 is the dominant peak formed upon
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photodissociation of the 5ICTNa+(m/z 260), which accounts for 12% of the total ion signal and
is assigned to emerge from C-I bond homolysis ([M – 127]+). Following isolation, the radical
ion (m/z 133) reacted with O2 generating the signals at m/z 59, 65, 66, 67, 94, 95, 148 and 149.
The product ions at m/z 148 ([M + 32 – 17]+) and 149 ([M + 32 – 16]+) are assigned to emerge
from O2 addition to 5DHCT and subsequently loss of •OH (17 Da) and •O (16 Da),
respectively. The population at m/z 148 and 149 accounts only for 2.8 % and 5.3 % of the total
ion signal and the ratio between loss of •O (16 Da) and •OH (17 Da) is 2:1, respectively.

Figure 3.13. PD-MS/MS of 5ICTNa+ (m/z 260) generating the major product at m/z 133 (mass
spectrum at the top) and reaction of the radical ion (m/z 133) with molecular oxygen resulting
from PD-MS3, where the radical ion was stored within the ion trap for 100 ms. The mass
spectra are illustrated as an average of 200 scans, where the neutral gas presents a concentration
of 1.90 × 1011 molecules cm-3.
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Figure 3.14. PD-MS3 of 5ICTH+ stored with 18O2 gas is illustrated in the top. PD-CID-MS4
of the iodinated precursor for m/z 126 is illustrated at the middle and PD-CID-MS4 of m/z 127
is illustrated at the bottom. Concentration of 18O2 was 1.69 × 1011 molecules cm-3.

43

Figure 3.15. Kinetics measurement of the cytosine-5-yl radical ion, generated from an
iodinated precursor (m/z 238), stored in the ion trap within the range of 10 to 3000 ms in order
to react with 16O2. A single exponential function was used to fit the decay of m/z 111 illustrated
by a black line whilst a combined decay and growth exponential function was needed to fit m/z
59, 69, 70, 71, 126 and 127. Error bars are described to two standards deviations (2𝜎) and fit
residuals are presented on top of each plot.

44

Figure 3.16. Scheme of cytosine-5-yl radical isomers, protonated at O7, and its relative energy
along with transition states expressed in kcal mol-1. The calculation for this study was
performed using 𝜔B97XD method and aug-CC-pVDZ basis set.

Figure 3.17. Scheme of cytosine-5-yl radical isomers, protonated at N3, and its relative energy
along with transition states expressed in kcal mol-1. The calculation for this study was
performed using 𝜔B97XD method and aug-CC-pVDZ basis set.
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Figure 3.18. Scheme of cytosine-5-yl radical isomers, protonated at N8, and its relative energy
along with transition states expressed in kcal mol-1. The calculation for this study was
performed using 𝜔B97XD method and aug-CC-pVDZ basis set.
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4 Reaction of the protonated cytosine-5-yl radical ion with propene
4.1 Introduction
This chapter will cover reactions between controlled concentration of neutral propene and the
radical ion cytosine-5-yl, which will include two halogenated precursors: 5-bromocytosine
(5BrCT, 190) and 5-iodocytosine (5ICT, 237). Reaction products of the protonated and
sodiated cytosine-5-yl radical formed upon reaction with propene are presented and
mechanisms are proposed. The radical ions described herein are formed within the linear ion
trap of the mass spectrometer, either by photodissociation or collision-induced dissociation.
Kinetics measurements are discussed along with branching ratios and second-order rate
coefficients. The reactions of these radical ions are also briefly investigated in the presence of
isotopically labelled neutral co-reactant propene-d6 and are presented in the supporting
information along with investigation of sodiated cytosine-5-yl radical reacting with propene.

4.2 Synthesis of protonated cytosine-5-yl radical
In this section the radical generated through photodissociation at 266 nm from 5BrCT and 5ICT
will be investigated and assessed. The concentrations of the samples utilised in this chapter
were between 10 – 20 µM dissolved in methanol, unless stated otherwise. The halogenated
samples were subjected to electrospray ionisation that resulted in protonated ions
corresponding to 5BrCTH+ or 5ICTH+. Photodissociation mass spectra were acquired between
m/z 50 – 200 with a ± 2.0 Th isolation window.

Radical synthesis by either photodissociation at 266 nm or collision-induced dissociation of
5BrCTH+ (m/z 192, 190) or 5ICTH+ (m/z 238) resulted in the protonated cytosine-5-yl radical
at m/z 111 corresponding to C-Br and C-I bond homolysis, respectively. However, the results
described herein were extracted from photodissociation at 266 nm, including kinetics
experiments, unless stated otherwise. For comparison, mass spectra resulting from CID and
PD of the [M+Br]+ and [M+I]+ ions are presented in Figure 4.1.
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Figure 4.1. Photodissociation mass spectra of 5BrCTH+ (m/z 190 and 192) is illustrated at the
top and 5ICTH+ (m/z 238) is demonstrated at the bottom. Each mass spectrum is an average of
200 scans. CID-MS/MS is shown at the top of each panel and PD-MS/MS mass spectrum is
shown at the bottom of each panel.
4.2.1 Reaction of protonated cytosine-5-yl radical with propene
In this section, the products emerged from the reaction between the ion of interest and propene
are assessed and assigned along with a proposed reaction mechanism. The generated radical
ion (m/z 111) was stored in the trap in the presence of propene, and mass spectra were acquired
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from reaction times varying from 0.03 ms to 3000 ms. The product mass spectrum shown in
Figure 4.2 illustrates the reaction of protonated cytosine-5-yl radical with propene ([C3H6] =
1.16 x 1011 molecules cm-3) at 0.03 ms, which resulted in the distribution of product peaks at
m/z 153, 152, 138 125 and 112, with the dominant ion at m/z 125. These peaks are observed to
grow in intensity as the m/z 111 channel decreases, with increasing reaction times. The ion
population at m/z 153 is assigned to arise from nucleophilic addition of propene to the radical
site [M + 42]+•. The signal at m/z 153 then dissociates to form the ion populations at m/z 138
[M + 42 – 15]+ and 125 [M + 42 – 28]+•, assigned as •CH3 and C2H4 loss, respectively. The
peak observed at the m/z 152 channel, is assigned to H atom loss from m/z 153 after propene
addition [M + 42 – 1]+.

Figure 4.2. PD-MS3 of protonated cytosine-5-yl (5BrCTH+) reacting with a controlled
concentration of C3H6. The radical cation was isolated and stored in the ion trap for 0.03 ms in
order to react with propene. Concentration of propene is [C3H6] = 1.16 × 1011 molecules cm-3
and the mass spectrum is an average of 200 scans.

Scheme 4.1 illustrates the reaction pathway between the radical ion and propene, which is
similar to schemes published for the reaction of dehydro-N-pyridinium [97] and
dehydroanilinium radical [98] with propene. The adduct formed from nucleophilic addition of
propene to the radical ion m/z 153 [M + 42]+ dominates over H atom abstraction observed with
low intensity at m/z 112. As observed in scheme 4.1, two adducts are formed from addition of
propene, intermediate 1 (I1) and intermediate 2 (I2) that contain a connection through
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intermediate 3 (I3). The major product experimentally observed, resulting from C2H4
elimination, emerges from I1 that suffers a hydrogen shift forming I5 and I6, which then gives
rise to m/z 125 product. Elimination of •CH3 forms the product at m/z 138 that emerges from
both intermediate adducts, I1 and I2.
NH3

NH3

P3

N

N
+

N
+

N
H

O

m/z 138

N
H

O

NH3

H

N
H

O

m/z 152

NH3

N

N

+

H

m/z 152

I4

NH3

NH3

P1

N

CH3

N
H

O

NH3

P2

N

+
N
H

O

N
H

O

N
H

O

I1

m/z 111

I2

NH3
N

NH3
N
H

O
N

I6
N
H

O

I3
NH3

P4
N

N
H

m/z 152

N
+

H
O

NH3

P5

N

N
+

O

NH3

NH3

N
H

I7

O

N
H

I5

O

C2H4

N
H

m/z 125

Scheme 4.1. Proposed reaction pathways of protonated cytosine-5-yl radical reacting with
propene.

4.3 Kinetics of protonated cytosine-5-yl with propene and branching ratios
This section assesses kinetics traces in order to further explore and characterise the decay of
the radical ion (m/z 111) and its reactivity towards propene. For the reaction between
protonated cytosine-5-yl radical with propene, mass spectra were acquired with different
concentration of C3H6 and a wide range of reactions time, ranging from 0.03 and 3000 ms.
Four experiments were acquired with four replicates each. The integrated normalised intensity
of the peaks at m/z 111, 125, 138, 152 and 153 were plotted against time for each concentration
selected. Kinetic curves were reproduced in order to describe the decay of the initial radical at
m/z 111 and its simultaneously derived product growth. Figure 4.3 shows representative kinetic
traces of the peaks at m/z 111, 125, 138, 152 and 153, where the neutral co-reactant
concentration was ([C3H6] = 1.16 x 1011 molecules cm-3]). Data points beyond 1000 ms are not
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shown in these plots; instead, Figure 4.3 demonstrates the growth for peaks emerging from the
decay of m/z 111 between 0.03 and 1000 ms.

The kinetic curve that describes the decay of m/z 111 was well fitted by a single exponential
function. Above the kinetic plot in Figure 4.3, the fit residuals are illustrated for the ion
population at m/z 111 and error bars are described as 95% confidence. The fit residuals, which
describes the difference between data points and the fitted function, show that the acquired data
follow a small degree of non-random distribution relative to the zero-point with a small
deviation from the fit over the reaction timescale. Previous studies of dehydropyridinium and
dehydroanilinium radical cations reacting in the presence of propene also reported that a minor
biexponential trend was present in the residual Pseudo-first-order rate coefficients [97, 98].
The cytosine-5-yl radical cation are plotted against varying concentrations of propene in Figure
4.4, which shows that the system follows a linear trend, in accordance with a first-order
behaviour with respect to propene concentration.

Pseudo-first-order rates of ions from the reaction of cytosine-5-yl radical ion with propene
were extracted from kinetic traces and are describe on Table 4.1, where statistical uncertainties
are presented as two standard deviations (2σ). The kinetic curves illustrated on the plot show
that the population at m/z 111 decays away within 80 ms and indicates that there is a very small
fraction (less than 1.5 % of the initial intensity observed), of isomerised radical ions. The k’
values for m/z 111 decay (k’ = 69.5 ± 0.8 s-1) are well matched to the growth of the m/z 125
channel (k’ = 69.5 ± 1.9 s-1), which is the dominant peak amongst all channels emerged. The
m/z 125 product shows a relative signal intensity of 57% of the total ion signal obtained at 3000
ms (Table 4.2). The second-order rate coefficient extracted from the decay of m/z 111 was
found to be k2nd = 5.9 x 10-10 ± 0.8 cm3 molecule-1 s-1 and the reaction efficiency that was
calculated using the Su and Chesnavich parametrised trajectory model [82], considering the
dipole moment of 0.366 [99] , was 𝜙 = 52.6 ± 0.8%. Because of the pressure uncertainty in the
ion trap, the accuracy estimation measurement is ± 50%.
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Table 4.1. Pseudo-first-order rate constants for the products resulting from reaction of
protonated cytosine-5-yl radical with propene in the gas phase. Statistical uncertainties are
presented to two standard deviations (2𝜎).
m/z

Decay k' (s-1)

Growth k' (s-1)

111

69.5 ± 0.8

125
138
152
153

-

69.5 ± 1.9
75.7 ± 5.8
73.2 ± 7.9
65.7 ± 8.2

Table 4.2. Neutral loss fragment and relative signal intensity for each channel resulting from
the reaction between the radical ion (m/z 111) with propene. The branching ratios observed in
this table account only for the channels presented here; minor products (below 3%) were not
considered.
m/z

Neutral loss fragment

% of total ion signal

112
125
138
152
153

C3H5
C2H4
CH3
H
N/A

3.8 ± 0.1
56.6 ± 1.1
22.8 ± 0.5
8.0 ± 0.2
8.8 ± 0.2
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Figure 4.3. Kinetic traces for m/z 111 (black), 125 (blue), 138 (orange) and 153 (purple) from
the reaction of the radical ion with propene ([C2H6] = 1.16 × 1011 molecules cm-3). For the
decay curve at m/z 111 a single exponential function was fit shown on the plot in black. Mass
spectra obtained from 1000 to 3000 ms are not displayed. Above the kinetic traces are plotted
the fit residuals of m/z 111, and error bars are described to 95% confidence.
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Figure 4.4. Propene number density plotted against pseudo first-order rate coefficient for the
decay of m/z 111, produced from photodissociation of 5BrCTH+ and 5ICTH+, which are
described as blue square and orange square, respectively. Error bars are described as two
standards deviations (2𝜎).

4.4 Computational investigation of protonated cytosine-5-yl radical with
propene
In order to support the experimental data assignment, energies were calculated for transition
states and key reaction intermediates for the system between cytosine-5-yl radical ion and the
neutral co-reactant propene using the 𝜔B97XD method and aug-CC-pVDZ basis set. Figure
4.5 outlines the potential energy scheme for addition of propene to the radical ion [M + 42]•+,
loss of •H [M + 42 – 1]+ and elimination of •CH3 [M + 42 – 15]+ and C2H4 [M + 42 – 28]•+ to
produce the ions at m/z 153, 152, 138 and 125, respectively. The key reaction intermediates
calculations, including elimination of •CH3 and C2H4 were undertaken considering the most
stable protomer that was previously studied in the gas phase [52, 53, 90, 91]. Addition of
propene to the radical ion produces the m/z 153 [M + 42]+• radical species assigned as I1 and
I2 that are 53.7 and 49.4 kcal mol-1 below the energy of the entrance channel. The product at
m/z 138 (P3) is formed either via I1 or I2, where the pathway of I1 undergoes H shift from I1
to I4 to then eliminate •CH3, whilst the pathway of I2 undergoes a barrier height of 16.5 kcal
mol-1 below the entrance channel to eliminate •CH3 via 𝛽-scission.
Differently than product at m/z 138, the product m/z 125 [M + 42 – 28]+•, which is the dominant
peak to emerge from this reaction, is formed solely from I1. Production of m/z 125 proceeds
via two pathways from adduct I1. In the first pathway reaction, the adduct I1 suffers a H shift
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forming I5 and proceeds via a further H shift to form I6 and subsequent elimination of C2H4
(I6→ P5). Whereas, the second pathway undergoes H shift from adduct I1 to I6 to eliminate
C2H4 (I6→ P5). The barrier heights for this pathway reaction (I6→ P5) lies at 24.9 kcal mol-1
below the entrance channel and contains the lowest energy amongst all product emerged that
are presented in Figure 4.5. The fact that P5 presents the lowest energy pathway corroborates
with the dominance observed for m/z 125 peak on mass spectrum and kinetic measurements.

In order to investigate the energy variation of the key pathways by changing the protonation
site, computational calculations were assessed for the reaction between cytosine-5-yl radical,
protonated at the amino group (N8, Fig 1.5 chapter 1), with propene. Figure 4.6 shows the
potential energy scheme with cytosine-5-yl protonated at the amino group and its respective
barrier heights for the key reaction pathways. When the energetic scheme of cytosine-5-yl
radical protonated at the oxygen is compared to the scheme presented for cytosine-5-yl radical
protonated at the amino group a great difference in energy can be observed for each barrier
height. Scheme containing cytosine-5-yl radical protonated at the amino group presents lower
energy to all reaction pathways illustrated in the scheme, including the reaction to eliminate
C2H4 through (I6→ P5), which is the most abundant ion. The transition state of N protonated
for the reaction leading to P5 (I6→ P5) lies at 43 kcal mol-1 below the entrance channel, which
is 18 kcal/mol lower in energy than O protonated. Despite the fact that O and N protomer
present a great difference in energy, both pathways leading to P5 through formation of I5 and
I6 are identified as the lowest energy pathway forming the most abundant ion at m/z 125.
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Figure 4.5. Potential energy scheme for the cytosine-5-yl radical, protonated at the oxygen, reacting with propene. The scheme illustrates the
proposed reaction pathways to main intermediates and products. Potential energies were obtained using 𝜔B97XD method and aug-CC-pVDZ
basis set and are expressed in kcal mol-1.
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Figure 4.6. Potential energy scheme for the cytosine-5-yl radical, protonated at the amino group, reacting with propene. The scheme presents the
proposed reaction pathways to main intermediates and products. Potential energies were obtained using the 𝜔B97XD method and aug-CC-pVDZ
basis set and are expressed in kcal mol-1.
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4.5 Reaction of deuterated (d1) cytosine-5-yl radical with propene
The reaction of the deuterated cytosine-5-yl radical was also investigated in the presence of
propene in order to demonstrate that a H atom is shifting from the amino group to the neutral
radical proving that the protonation site is likely to be located at the amino moiety. The
deuterated iodinated precursor (5ICTD+, m/z 239) was stored within the ion trap and submitted
to photodissociation at 266 nm that resulted in the major channel at m/z 112. Figure 4.7
illustrates and compares the reaction of both protonated (black, back line) and deuterated (blue,
front line) cytosine-5-yl radical with propene. The signal at the m/z 112 [M•+] channel was
formed upon loss of 127 Da corresponding to C-I homolytic bond dissociation. Subsequently
to photodissociation, the product at m/z 112 underwent nucleophilic addition reaction with
C3H6 [M + 42]+ after storage in the ion trap. The C3H6 addition, observed at m/z 154, suffers
elimination of CH3 generating the signal at m/z 139. A small signal observed for deuterated
radical ion at m/z 138 indicates that a loss of CH2D could be taking place. The m/z 125 and 126
product indicate that the population at m/z 154 fragments to lose 29 and 28 Da resulting from
a loss of C2H3D and C2H4. Minor products at m/z 113, 127, 140 and 155 are also observed in
the mass spectrum and are correspondent to H atom abstraction from m/z 112, 126, 139 and
154 products, respectively. The fact that the ion at m/z 125, assigned as a loss of C2H3D,
emerged from the reaction of the deuterated cytosine-5-yl radical with propene is strong
evidence that deuterium is being transferred from the amino group to the neutral radical,
consequently, reinforcing the fact that the protonation site is likely to be located at the amino
group.
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Figure 4.7. PD-MS3 from the reaction of propene with deuterated and protonated cytosine-5yl. Reaction time is 10 ms and propene concentration = 6.5 × 1010 molecule cm-3. Mass spectra
of both reactions are presented as an average of 200 acquisitions.

4.6 Discussion and conclusion
In this chapter gas phase reactions of the cytosine-5-yl radical ion and propene were conducted
in order to investigate the protonation sites throughout reactivity measurement and evaluate
whether product distribution is affected by protonation site or not. Radical synthesis by either
PD at 266 nm or CID of 5BrCTH+ (m/z 192, 190) or 5ICTH+ (m/z 238) resulted in the
protonated cytosine-5-yl radical at m/z 111. The radical ion was then subjected to react with
propene revealing the m/z 125 product as the dominant ion arising from the reaction, which
was assigned as C2H4 loss (28 Da). Outcomes, reported by Kelly et al. [98], of the reaction
between the 2-dehydroanilinium radical cation with propene revealed the most abundant ion at
m/z 106, which corresponds to a •C2H5 loss (29 Da). The radical ion (m/z 106) was proposed
to arise from H atom abstraction, present at the amino group, by the radical formed upon
propene addition and proceeding via multi-step ring expansion. The 3- and 4-dehydroanilinium
radical was reported to react with propene differently when compared to 2-dehydroanilinium,
since a loss of •C2H5 (29 Da) was observed only for the 2-dehydroanilinium system. For the
reaction of propene and 3- and 4-dehydroanilinium radical a population at m/z 107,
corresponding to ethylene loss (28 Da), was observed instead. Figure 4.8 compares the ions
emerging from both reactions, cytosine-5-yl radical ion reacting with propene and 2-
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dehydroanilinium in contact with the neutral gas. The absence of the •C2H5 product channel
(29 Da) on results collected in this study is in disagreement with the results reported by Kelly
et al. [98], which leads to the assumption that the protonation site is not located at the amino
group within the cystosine-5-yl radical ion.

Figure 4.8. Comparison of ions emerged from the cytosine-5-yl radical ion reacting with
propene (top), 2- and 3-dehydroanilinium with propene (bottom). The data illustrated for 2and 3-dehydroanilinium reacting with propene was obtained from studies conducted by Kelly
et al. [98].
Results obtained from experiments of the deuterated cytosine-5-yl radical with propene
revealed that protonation site is likely to be located at the amino group due to the fact that the
ion corresponding to a loss of C2H3D at m/z 125 emerged from the reaction, suggesting a D
transfer from the amino group to the neutral radical.
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Pseudo-first-order rates extracted from kinetic experiments presented k’ values for m/z 111
decay (k’ = 69.5 ± 0.8 s-1 ) that were well matched to the growth of the major ion at m/z 125
(k’ = 69.5 ± 1.9 s-1 ). The reaction efficiency measured for protonated cytosine-5-yl and propene
was 𝜙 = 52.6 ± 0.8 %, however, because of the pressure uncertainty in the ion trap, the accuracy
estimation measurement is ± 50%.

Potential energy schemes of reaction key pathways for cytosine-5-yl radical, protonated at O7
and N8, were produced to assess the effect caused by protonation sites within the molecule.
The dominant ion at m/z 125 [M + 42 – 28]+• is formed via two pathways from adduct I1. In
the first reaction pathway reaction, the adduct I1 suffers a H shift forming I5 and proceeds via
H shift to form I6 and subsequent elimination of C2H4 (I6→ P5). In the second pathway I1
suffers H shift to form I6 to then eliminate C2H4 (I6→ P5). In both potential energy schemes
(Fig. 4.4 and Fig. 4.5), the barrier heights for the pathway reaction (I6→ P5) contains the lowest
energy amongst all product emerged, corroborating with the dominance observed for m/z 125
peak on mass spectrum and kinetic measurements. Comparison between potential energy
schemes of N protonated and O protonated presents a great difference in energy for each barrier
height. Cytosine-5-yl radical protonated at the amino group presents lower energy to all
reaction pathways, however, both potential energy scheme presenting the reaction pathway that
leads to P5 through formation of I5 and I6 are identified as the lowest energy pathway forming
the most abundant ion at m/z 125.

4.7 Supporting information for Chapter 4
This section contains topics that were not included on above sections in this chapter. There is
room for additional experiments to clarify the interpretation of results in this section.

4.7.1 Synthesis and product channels of the sodiated cytosine-5-yl radical
The sodium cationization effects on the cytosine-5-yl radical was investigated through analysis
of its iodinated precursor (5ICT, 237 Da). The sodiated sample (5ICTNa+, m/z 260) was stored
within the ion trap and submitted to photodissociation at 266 nm which resulted in the major
channels at m/z 133 and 147 (Fig. 4.9). The ion at m/z 133 is the dominant peak formed upon
photodissociation, accounting for 84% of the total products ion signal (excluding minor
products under 3%), whilst only 16% is accounted for the population by m/z 147. The radical
ion at m/z 133 [M•+], assigned as C-I bond homolysis product ([M – 127]+), generated signals
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at m/z 134, 147, 148, 160, 174 and 175 upon reaction with propene (Fig. 4.10). The product at
m/z 175 is assigned to emerge from propene addition to the radical ion [M + 42]+, which can
either suffer a loss of •CH3 generating the channel at m/z 160 [M + 42 – 15]+, or a loss of C2H4
that forms the ion signal at m/z 147 [M + 42 – 28]+. Minor products are also observed at m/z
134, 148 and 176 that correspond to a H atom abstraction from m/z 133, 147 and 175,
respectively.

Figure 4.9. PD-MS/MS of sodium-cationized 5ICT (5ICTNa+, m/z 260) generating the radical
ion at m/z 133. The photodissociation mass spectrum is illustrated as an average of 200 scans,
where the neutral gas concentration was [C3H6] = 6.51 × 1011 molecules cm-3.

Figure 4.10. PD-MS3 of the reaction between sodiated (top) and protonated (bottom) cytosine5-yl radical with propene. The photodissociation mass spectra are illustrated as an average of
200 scans for each plot, where the neutral gas concentration was [C3H6] = 6.51 × 1011
molecules cm-3.
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4.7.2 Reaction of the protonated cytosine-5-yl radical with isotopically labelled propened6
The reaction mechanism between protonated cytosine-5-yl radical with isotopic neutral coreactant propene-d6 was also investigated. A sample of 10 µM dissolved in methanol was used
throughout this experiment and mass spectra were obtained between m/z 80 – 200 with a ± 1.5
Th isolation window. The concentration of the neutral propene-d6 for this reaction was C3D6 =
1.06 × 1011 molecules cm-3.

Figure 4.11 shows the mass spectra for cytosine-5-yl radical ion in the presence of,
respectively, propene-d6 and unlabelled propene. Considering the reaction time of 100 ms that
the radical ion was isolated and the concentration of the neutral gas, the reaction happens
rapidly since the initial radical population at m/z 111 has almost vanished. The products arising
from addition of propene-d6 to the radical ion can be observed with the adduct at m/z 159
followed by a loss of H and deuterium at m/z 158 and 157, respectively. The ion at m/z 159
dissociates to form the main products at m/z 141, 142, 127, 128 and 129, where the ion at m/z
141 resulted from a loss of CD3 (18 Da). Next to the peak at m/z 141, corresponding to a loss
of CD3, two minor products are observed at m/z 142 and 143, where m/z 142 product is assigned
to a loss of CHD2. The m/z 143 is assigned to D atom abstraction, having the same pattern been
observed for the small fraction at m/z 139 arising from the radical ion with propene
corresponding to a H atom abstraction from m/z 138 product. The ions at m/z 127, 128 and 129
are assigned to a loss of C2D4 (32 Da), C2HD3 (31 Da) and C2H2D2 (30 Da), respectively. A
minor product is observed at m/z 113 corresponding to a D atom abstraction.
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Figure 4.11. Comparison of PD-MS3 acquired at 100 ms of the radical ion (m/z 111) reacting
with propene (blue mass spectrum, bottom) and propene-d6 (black mass spectrum, top). The
concentration of propene was C3H6 = 1.16 × 1011 molecules cm-3, whilst propene-d6 was C3D6
= 1.06 × 1011 molecules cm-3.
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5 Reaction of the cytosine-5-yl radical ion with Propyne and Acetylene
5.1 Introduction
In this chapter a preliminary investigation into the reaction between cytosine-5-yl radical ion
will be explored in the presence of a controlled concentration of either propyne or acetylene.
The investigation of the radical ion will cover discussion including two halogenated precursors:
5-bromocytosine (5BrCT, 190 Da) and 5-iodocytosine (5ICT, 237 Da). Reactions and product
channels are presented and mechanisms of possible pathways of photodissociation are
discussed. Kinetics measurements were acquired from the brominated precursor 5BrCTH + (m/z
190 and 192) and are presented and discussed along with second order rate coefficients for
propyne reactions.

5.2 Propyne reactions
The halogenated samples were subjected to electrospray ionisation that resulted in 5BrCTH +
(m/z 190 and 192) or 5ICTH+ (m/z 238). Photodissociation of 5BrCTH+ and 5ICTH+ formed
protonated cytosine-5-yl radical cation at m/z 111 corresponding to a loss of 79 or 81 Da from
C-Br bond homolysis or a loss of iodine (127 Da) corresponding to a bond homolysis between
C-I. Photodissociation mass spectrum of isolated halogenated precursors generating the radical
ion at m/z 111 [M•+] are presented in Chapter 3 Figure 3.1.

The radical ions at m/z 111 [M•+] were held within the ion trap for selected reaction times
varying from 0.03 ms to 1000 ms in the presence of a controlled concentration of propyne. The
photodissociation mass spectrum on Figure 5.2 illustrates the reaction of cytosine-5-yl radical
ion with propyne ([C3H4] = 6.1 x 1010 molecules cm-3) at 10 ms, where the radical precursor is
either 5BrCTH+ or 5ICTH+. Reaction products are observed at m/z 112, 136, 137, 150 and 151.
The product at m/z 151 is assigned to stable propyne addition adduct at [M + 40] + and the
product ion at m/z 136 is assigned to emerge via subsequent methyl elimination [M + 40 – 15]+.
The peak observed at m/z 150 channel is assigned to emerge via H elimination from m/z 151
[M + 40 – 1]+. A minor ion is also observed at m/z 112 and it is assigned to arise from direct
H-atom abstraction [M + 1]+. The dominant product arising from this reaction is observed at
m/z 136, which is suggested to follow a •CH3 elimination from reaction adduct subsequent to
a 𝛽- scission. Figure 5.1 illustrating the ions emerging from reaction of either 5BrCTH+ or
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5ICTH+ with propyne also provides supporting evidence that the target radical is correctly
formed from either target precursors.

Figure 5.1. Reaction of cytosine-5-yl radical ion, generated through PD-MS3 of either a)
5BrCTH+ or b) 5ICTH+, with controlled concentration of propyne. The radical ion was held in
the ion trap for 10 ms with a concentration of C3H4 = 6.1 x 1010 molecules cm-3.
Photodissociation mass spectra are presented as an average of 200 scans for each reaction.
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Reaction pathways are briefly assessed and are proposed in Scheme 5.1.
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Scheme 5.1. Scheme of reaction mechanism of the protonated cytosine-5-yl reacting with
propyne. This mechanism does not present all possible pathways for this reaction.
5.2.2 Kinetics of protonated cytosine-5-yl radical with propyne and branching ratios
Mass spectra for the reaction of protonated cytosine-5-yl radical and the neutral co-reactant
propyne were acquired with ion trap storage times varying from 0.03 to 1000 ms for four
experiments acquired on the same day. The average integrated ion intensity of all scans for
each respective time-step are plotted in order to generate kinetic traces. The kinetic traces
follow the decay of the intermediate product at m/z 111 (protonated cytosine-5-yl radical ion)
with corresponding growth of product peaks. Figure 5.2 shows representative kinetic traces at
m/z 111, 136, 137 and 150, where the neutral co-reactant concentration was [C3H4] = 1.1 x 1010
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molecules cm-3, from four sequences obtained on the same day. To fit the kinetic curves for
the selected ions a single exponential function was used. Above the plot in Figure 5.3, the fit
residuals are illustrated for the radical ion at m/z 111. The fit residuals show that the acquired
data follow a degree of non-random distribution relative to the zero-point with a small deviation
from the fit over the reaction timescale, with residuals values < 1% of the signal intensity. A
pseudo first-order behaviour is assumed to take place.

Figure 5.2. Kinetic traces for m/z 111, 136, 137 and 150 channels emerging from reaction of
cytosine-5-yl radical ion with propyne ([C3H4] = 1.1 × 1010 molecules cm-3). The decay curve
and the product channels were plotted using a single exponential function. Error bars are
described as 95 % confidence and fit residuals are presented on top of the plot.

Pseudo-first-order rates were extracted from the single exponential function that fitted the
decay at m/z 111 and its respective products. The first-order rate coefficients for main channels
are described in Table 5.1, where uncertainties are presented as two standards deviations (2𝜎).
The reaction frequency was calculated using the Su and Chesnavich parametrised trajectory
model [82], as it includes the propyne dipole moment, which is 0.784 [100]. The second-order
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rate coefficient extracted from the decay of m/z 111 was found to be k2nd = 1.35 ± 0.1 x 10-9
cm-3 molecule-1 s-1 and the reaction efficiency was 𝜙 = 111± 0.1 %. The reaction efficiency
does not present a realistic value and the reason that it is over a 100% might be related to the
pressure in the ion trap, which is thought to be slightly higher than we believe.

Kinetics measurements show the decay of m/z 111 over time, however, a non-zero baseline
(less than 0.5 % of the initial intensity observed) indicates that a very small fraction of the m/z
111 ions have isomerised to form a nonreactive radical cation. The k’ values for m/z 111 decay
(k’ = 14.9 ± 0.1 s-1 ) are well matched to the growth of the m/z 136 channel (k’ = 15.0 ± 0.1 s-1
), which is the dominant peak amongst all channels emerged, accounting for 88% of the total
ion signal at 1000 ms. The dominance of ion m/z 136 suggests that H-atom abstraction is not
competitive, consequently, possible pathways of H loss are energetically limited.

Table 5.1. Pseudo-first-order rates for the products resulted from the reaction of protonated
cytosine-5-yl radical with propyne in the gas phase. Statistical uncertainties are presented to
two standard deviations (2𝜎).
m/z

Decay k' (s-1)

Growth k' (s-1)

111
136
137
150

14.9 ± 0.1
-

15.0 ± 0.1
13.7 ± 0.8
15.3 ± 0.5

5.3 Acetylene reactions
As a final experiment, the reactions of the target radical with acetylene were surveyed. The
halogenated samples were subjected to electrospray ionisation that resulted in 5BrCTH + (m/z
190 and 192) or 5ICTH+ (m/z 238). 5BrCTH+ and 5ICTH+ were isolated, stored in the ion trap
and submitted to photodissociation at 266 nm, which resulted in the formation of protonated
cytosine-5-yl radical [M•+] at m/z 111 via C-Br and C-I bond homolysis (Chapter 3 Figure 3.1).
The radical ion generated (m/z 111) was stored for varying lengths of time in the ion trap and
allowed to react with acetylene. Mass spectra were acquired at selected reaction times ranging
from 1 to 1000 ms. Figure 5.3 illustrates the reaction of protonated cytosine-5-yl radical with
acetylene, where the radical ion was stored for 100 ms and the co-reactant acetylene
concentration was [C2H2] = 4.7 × 1010 molecules cm-3. The peak at m/z 137 arises from addition
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of acetylene to the radical ion, whilst the dominant peak at m/z 136 is assigned to H atom loss
from m/z 137 adduct. Small peaks that were amplified by 20 times in Figure 5.4 are assumed
to arise from impurities that are not addressed in this study. The small intensity peak at m/z 158
was isolated and submitted to CID revealing that it gives rise to channel m/z 143. The major
peak which emerged at m/z 136 [M• + 26 – 1]+ was revealed to give rise to peaks at m/z 109,
81 and 68, which will be not addressed in this study. A proposed reaction pathway between
cytosine-5-yl radical ion with acetylene is shown in Scheme 5.2.

Figure 5.3. Reaction of cytosine-5-yl radical ion, generated through PD-MS3 of 5ICTH+ and
5BrCTH+ with controlled concentration of acetylene ([C2H2] = 4.7 × 1010 molecules cm-3). The
radical ion was held in the ion trap for 100 ms and photodissociation mass spectra is presented
as an average of 200 acquisitions for each plot.
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Scheme 5.2. Proposed reaction mechanism of the cytosine-5-yl radical ion reacting with
acetylene.

5.4 Discussion and Conclusions
Kinetics measurements and product mass spectra were investigated for the reaction between
propyne with the cytosine-5-yl radical ion, which produced main ions at m/z 136 and 150
corresponding to a loss of •CH3 and H-atom abstraction, respectively. Kinetics experiments
shows that the k’ values for m/z 111 decay (k’ = 14.9 ± 0.1 s-1 ) are well matched to the growth
of the m/z 136 channel (k’ = 15.0 ± 0.1 s-1 ), which is the dominant peak amongst all channels
emerged. Reaction efficiency revealed and abnormal results for this reaction, 𝜙 = 111%, that
was considered to be related to the pressure in the ion trap. The fact that H-atom abstraction is
not competitive towards methyl elimination [M + 40 – 15]+ leads to the assumption that H loss
are energetically unfavoured. In order to completely evaluate this statement and investigate the
effects of protonation site, future work including computational assessment of energetic
barriers would complement the present study.

For the investigation of acetylene reactions only one major ion was observed, m/z 136, that was
identified to result from H-atom abstraction from the adduct at m/z 137. Several minor products
observed in the mass spectrum were not considered to arise from acetylene reactions and were
not fully assessed.
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6 Conclusion and Future Work
This study investigated, for the first time, the formation and reactivity of cytosine-5-yl radical
ion in order to assess the effects that protonation site and charge have on radical reactions and
product pathways.

Photodissociation of halogenated precursors generated, for the first time, the cytosine-5-yl
radical ion (m/z 111) that upon reaction with molecular oxygen formed photoproducts at m/z
126 and 127. These products were assigned as a loss of •OH (17 Da) and •O (16 Da) from the
adduct at m/z 143. To assess the assignment of the ion m/z 126, experiments with isotopically
labelled 18O2 were conducted, which provided evidence assuring the assignment.

Propene reactions supported the investigation on the effect caused by protonated sites on
radical reactions, by assuring that transfer of H-atom from the amino group to the radical site
is taking place. Quantum chemical calculations of energy barriers also supported to elucidate
the mechanism pathway, which assisted in identifying that the major ion arising from the
reaction possed the lowest energy barrier. However, further computational calculations would
help to assist and demonstrate the transfer of the H-atom from the amino moiety to the radical
site. A comparison between potential energy schemes was also conducted for isomers
protonated at O7 and N8, showing that the isomer with the protonation site located at N8
contain the lowest energy barriers for almost all intermediates and final products.

Kinetics measurements produced second-order rate constants that were found to be k2nd = 6.7
± 0.9 × 10-11 cm3 molecule-1 s-1, k2nd = 5.9 x 10-10 ± 0.8 cm3 molecule-1 s-1 and k2nd = 1.35 ± 0.1
x 10-9 cm-3 molecule-1 s-1 for reactions with molecular oxygen, propene and propyne,
respectively. For reactions with molecular oxygen—which has no dipole moment—reaction
efficiency was calculated using a Langevin collision model [92], whereas for propene and
propyne the reaction frequency was calculated using the Su and Chesnavich parametrised
trajectory model [82], considering their dipole moment that is found to be 0.366 for propene
[99] and 0.784 for propyne [100]. Their respective reaction efficiencies are 𝜙 = 11.4 ± 0.9%
for dioxygen, 𝜙 = 52.6 ± 0.8% for propene and 𝜙 = 111 ± 0.1 % for propyne. Despite the
unrealistic reaction efficiency obtained by propyne reaction, unsaturated hydrocarbons
reactions were highly efficient and significantly more efficient than molecular oxygen
reactions. This increase in efficiency can be explained in terms of the increased energetic
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favourability of ion-molecule van der Walls complexes as the dipole moment of the neutral
molecule increases.

The effects of the charge on radical reactions is still a relatively young field that needs further
methodological and conceptual development. The reactivity of the cytosine-5-yl radical ion
needs further investigation to assess the effect that protonation site and, hence, changing the
location of charge has on the reaction pathways. Future studies will be focused on the
investigation of cytidine-5-yl radical ion aiming to further collect information on protonation
sites through reactivity measurement.
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